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1. Introduction1
Symmetry breaking is of fundamental interest in physics. Elementary particles in the2
universe, for example, acquire mass due to spontaneous symmetry breaking [1, 2]. A3
break in translational symmetry of liquid water corresponds to a phase transition to4
solid ice [3]. In condensed matter, symmetry breaking causes intriguing electromagnetic5
properties and enables us to manipulate light polarization [4]. The break in space-6
inversion symmetry in chiral (from the Greek χϵιρ, meaning hand) structures like sugars,7
amino-acids, proteins, helix, and spiral, causes the optical activity (OA); that is to say,8
the natural optical activity [5]. Broken time-reversal symmetry in all materials under9
magnetic fields leads to the magneto-optical (MO) effect ; for example, the Faraday effect10
[6].11
Both the MO effect and OA bring about the polarization plane of an incident12
linearly-polarized light to be gradually rotated as it passes through the medium.13
Linearly-polarized light is regarded as a coherent superposition of left- and right-handed14
circularly-polarized light. In circularly-polarized light, the tip of the electric field15
sweeps out a helix in real space [7]. The helical pitch corresponds to electromagnetic16
wavelength, whereas the chirality depends on whether the helix sweeps clockwise or17
counter-clockwise as the wave moves along its pitch. Both the MO effect and OA can be18
represented by the refractive index difference between left- and right-handed circularly-19
polarized light. Therefore, the MO effect and OA rotating the polarization plane20
look similar phenomenologically when we consider only one-directional propagation.21
However, they have different physical origins, so that what determines the rotation22
direction is different. The MO effect is caused by the Lorentz force on electrons in23
magnetic fields and magnetized materials, whereas the OA is caused by electromagnetic24
induction in the chiral structures. As a result, the OA is reciprocal, where light25
polarization rotation direction is dependent on the light propagation direction. On the26
other hand, the polarization rotation direction in MO media is dependent on magnetic27
field or magnetization direction, but independent of the light propagation direction; that28
is to say, non-reciprocal.29
It is very interesting to ask what light will experience when time-reversal and space-30
inversion symmetries are simultaneously broken (i.e., in a medium with magnetism31
and chirality). A combination of the MO effect and OA gives rise to the directional32
birefringence independent of polarizations, or the magnetochiral (MCh) effect [8, 9, 10,33
11]. The MCh effect leads to a difference between transmission coefficients of light from34
the one side and the opposite side of the medium [12, 13, 14, 15, 16, 17, 18, 19, 20, 21].35
The optical MCh effect is promising for new functional devices such as a non-reciprocal36
polarization-independent “one-way mirror”. Moreover, the quest for large optical MCh37
effects paves the way toward the realization of an effective magnetic field (i.e., synthetic38
gauge fields) [22, 23, 24, 25, 26, 27, 28, 29], for electromagnetic waves. The MCh effect39
is, however, much weaker than the MO effect and OA in natural materials at room40
temperature.41
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A similar phenomenon called the optical magneto-electric (ME) effect is well1
known in multiferroic materials [30, 31, 32, 33, 34]. Intensive research efforts2
on directional birefringence have been devoted to realizing and enhancing intrinsic3
electronic interactions such as ME resonances. On the other hand, an enhancement4
in the optical ME effect has been reported using photonic crystals [35], gratings [36],5
and multilayers [37]. In this way, artificial photonic structures [38], for example,6
metamaterials consisting of well-designed sub-wavelength structures [39, 40, 41, 42, 43]7
can boost the MCh effects by several orders of magnitude.8
Metamaterials (meta from the Greek µϵτα, meaning beyond) are artificial photonic9
materials composed of the subwavelength structures, exhibiting exotic optical properties10
unavailable in natural materials. In this Topical Review, we demonstrate an interplay11
between magnetism and chirality as the MCh effect in metamaterials. We reveal that12
the MCh effects occur in the unit structure – metamolecule – without using intrinsic13
electronic interactions [44]. Large MCh effects by the single metamolecule consisting of14
a ferrite rod and metallic chiral structure are directly observed at the X-band microwave15
frequencies under a very weak dc magnetic field of 1 mT. The effects can be enhanced16
by using resonance in the chiral structure and increasing the magnetic field. The non-17
reciprocal differences in the real and imaginary parts of refractive indices due to the MCh18
effect are evaluated to be 10−3 at 200 mT. The MCh effect can be further enhanced using19
magnetic resonance in the ferrite rod in the metamolecule, leading to a giant MCh effect20
[45]. Furthermore, miniaturization of the MCh metamolecule is demonstrated [46, 47].21
We have two goals in mind for this Review. One is to introduce to researchers22
in magnetics, optics, photonics, and chemistry communities the MCh effects given23
by natural- and meta-materials having magnetism and chirality simultaneously. The24
MO effect and OA have long histories in science and technology, providing many25
useful applications using polarization rotations. Reciprocal OA by chirality was first26
observed by Arago [4] in 1811, more than 200 years ago. OA is used to characterise the27
molecular chirality in chemistry, biology, and pharmaceutical chemistry. Non-reciprocal28
MO effects, which were discovered by Faraday [4] in 1845 using glass under magnetic29
fields, are familiar in magnetics, photonics, and microwave engineering. The MO effects30
by magnetism was utilized in MO drives for data storage in 1980s. Moreover, the MO31
effects enable us to realize optical isolators and circulators, which, in the information32
technology era, are indispensable devices for modern photonic networks.33
The apparent similarity of the MO effect and OA motivated Pasteur to search in34
vain for a link between the two phenomena just after the discovery of the Faraday35
effect [48]. Nevertheless, as the technologies relevant to the MO effect and OA become36
matured, the link does not attract attention. The MCh effect by materials having37
magnetism and chirality simultaneously is thus less familiar to the researchers, although38
the MCh effect is of great interest also in the origin of life, quantum vacuum phenomena,39
and electric devices. Therefore, in this Review, by identifying and comparing the MO40
effect and OA, and by using translation from photonic to electronic systems (and vice41
versa) based on the analogy, we attempt to bridge the gap between the MO effect and42
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OA, and provide a “road map” to the MCh effect.1
The other goal is to introduce the metamaterials with both magnetism and chirality2
to condensed-matter physicists and material scientists. In order to obtain the MCh3
effects, natural chiral materials, for example, chiral molecules [12, 14, 15] and chiral4
crystals [17, 21], under magnetic fields have been intensively studied so far. Here we5
would propose an alternative route to the interplay between magnetism and chirality in6
structured metamaterials, which are complementary to the natural materials. This route7
enables us to understand and control the interplay in photonic media. Furthermore, the8
interplay between magnetism and chirality is of great interest in electronic systems; for9
example, topological spin textures like Skyrmion [49].10
Based on an analogy between electronic and photonic systems, metamaterials with11
both magnetism and chirality introduced here offer a good playground for proof-of-12
concept experiments, which are difficult to be carried out in electronic counterparts. For13
example, phase difference is directly measured in photonic systems using microwaves14
while it is unlikely in electronic systems. The obtained knowledge using optical15
metamaterials can be exported to electronic systems so that it may help in understanding16
the physics underlying the complex electronic systems. The present study is thus one17
further step for a new avenue of analogy between electrons and lights.18
This Review is organized as follows. Section 2 introduces metamaterials with19
magnetism and chirality accompanied by the MCh effects. Section 3 demonstrates20
experimental procedures and results of X-band microwave transmission measurements21
through a single MCh metamolecule in a waveguide under weak and strong magnetic22
fields. In Section 4, numerical calculations reproduce the experimental results and shed23
light on the physics of the MCh effects by the metamolecule. Section 5 outlines and24
discusses the mechanism of the enhanced and giant MCh effects by the metamolecules.25
Section 6 details miniaturization of the metamolecules with magnetism and chirality.26
Finally Section 7 concludes the paper and gives outlook for further studies.27
2. Prelude to metamaterial with magnetism and chirality28
In this section, we introduce metamaterials with magnetism and chirality, and derive29
the MCh effect from a viewpoint of the symmetry breaking. In 2.1, optical phenomena30
caused by symmetry breaking are briefly summarized. Explanations for OA in 2.2 and31
the MO effect in 2.3 will lead to an introduction to the MCh effect in 2.4. Subsection32
2.5 describes the historical background, concept, and variation of metamaterials.33
2.1. Symmetry breaking and optical phenomenon34
Optical phenomena are easily understood and categorized by considering dispersion35
relations. The top row of Fig. 1 shows that normal media without any symmetry36
braking have degenerated and symmetric dispersion relations, resulting in conventional37
propagation. Let us move on to media with broken symmetry and consider dispersion38
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Figure 1. Summary of broken symmetries in condensed matter and optical phenomena
with dispersion relations.
relation, ω = ωL,R(k⃗), where L and R denote left- and right-handed circularly-polarized1
light, respectively. Note that the two circular polarizations are defined as eigenstates of2
angular momentum as will be described in 2.2.1. The time-reversal operation transforms3
the dispersion as ωL,R(k⃗) → ωR,L(−k⃗). A system with the time-reversal symmetry shown4
in the second row in Fig. 1 satisfies the following relations,5
ωL(k⃗) = ωR(−k⃗),
ωR(k⃗) = ωL(−k⃗). (1)
Similarly, if a system sustains the space-inversion symmetry, the dispersion satisfies6
the relations,7
ωL(k⃗) = ωL(−k⃗),
ωR(k⃗) = ωR(−k⃗), (2)
as shown in the third row in Fig. 1. Therefore, under the symmetry breakings8
of the time-reversal and/or the space-inversion, Eqs. (1) and (2) are not the case.9
Especially, if a system lacks both the time-reversal and the space-inversion symmetry as10
shown at the bottom in Fig. 1, unpolarized electromagnetic waves can have directional11
dependence, namely the MCh effects. In Fig. 1, schematics of these optical phenomena12
are summarized together with corresponding dispersion relations.13
An analogy between optical and electronic systems is helpful to understand the14
physics underlying the phenomena. Circular polarizations are interpreted as labels of15
the angular momenta and also as “spins” of photons. Here we give an intuitive picture16
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of a general relation between the spin states and the symmetry breaking. Consider a1
simple case where an electron and photon with spin 1/2 and 1, respectively, are moving2
to some direction. Each has two spin degrees of freedom. To distinguish those states,3
one method is to break a symmetry such as the space-inversion and the time-reversal4
symmetry. In an electronic system, spin-orbit interactions require a break of the space-5
inversion symmetry. Such a system has a dispersion similar to that in photonic systems6
with OA as shown in Fig. 1. Another case is a magnetic system where the external7
magnetic field splits the energy level. This is the Zeeman effect in electric systems,8
corresponding to the MO effect in optical systems. In the following, we look in more9
detail at OA in a medium with broken space-inversion symmetry and the MO effect in10
a medium with broken time-reversal symmetry. Then let us consider electromagnetism11
in a medium lacking both the space-inversion and time-reversal symmetries, i.e., in an12
MCh medium.13
2.2. Optical activity (OA)14
Broken space-inversion symmetry causes OA (chiral birefringence or chiroptical effect).15
The OA in transmission brings about polarization plane rotations of linearly-polarized16
light, which is regarded as a coherent superposition of left- and right-handed circularly-17
polarized light. This is so-called optical rotation (OR) [4], caused by phase delay18
(retardation) between left- and right-handed circularly-polarized light. The OR is19
evaluated by rotation angle in a unit of degree. The phase delay is represented by a20
difference in the real parts of refractive indices between left- and right-handed circularly-21
polarized light. Refractive index usually shows frequency dispersion. The frequency22
dependent change in OR is thus referred to as optical rotatory dispersion.23
In absorptive OA media, OR is accompanied by circular dichroism (CD), which is24
caused by the absorption difference between left- and right-handed circularly-polarized25
light. The CD is given by ellipticity also in degree. The absorption difference is26
represented by a difference in the imaginary parts of refractive indices between left-27
and right-handed circularly-polarized light. In this way, after transmission through an28
absorptive OA medium, the initially linearly-polarized light transforms to elliptically-29
polarized one because of the superposition of OR and CD. We note that OA is dependent30
on chirality of the medium; OR (CD) angle has opposite sign between left- and right-31
handed systems; that is to say, between enantiomers (non-superposable mirror-image32
structures) [50]. An effect of chirality is represented by chiral parameter ξ.33
The OA is known to be symmetric transmission because the rotation angle is34
dependent on the light propagation direction. Let us assume that we observe the35
phenomena from the light source and an angle in OR is θ after transmitting through36
a chiral medium with very small absorption from the one side. If the light transmits37
the same medium from the opposite side after the reflection by a mirror, the rotation38
angle is −θ because the rotation angle is dependent on the light propagation direction.39
This causes the zero rotation if the light is first transmitted from the one side and then40
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transmitted from the other after a reflection by a mirror. This is so called reciprocity.1
OA is due to electromagnetic induction in the chiral structures. In other words,2
microscopic origin of OA is magnetic dipoles that are excited in the chiral structures3
by the electric component of light and vice versa [7, 51]. In a plane wave, the incident4
electric and magnetic field components are perpendicular to each other. When, as5
the wave passes through the OA medium, the magnetic component induces an electric6
dipole parallel to the light magnetic field, the resulting net local electric field will be7
rotated a bit. Reciprocity demands that, likewise, magnetic dipoles are excited by the8
electric component. In this way, the magnetic field of light rotates as well. For pure9
chirality, the locally induced magnetic (electric) dipoles need to be parallel to the local10
exciting electric (magnetic) field. In this case, the eigen-polarizations correspond to11
circular polarization of light, whereas they are elliptic in the more general nonparallel12
(i.e., bianisotropic) case.13
2.2.1. Chirality and helicity In this part, we mention two technical terms, chirality and14
helicity. These terms are used in various fields of science but their meanings depend on15
the context, which sometimes makes confusion. Chirality means a kind of asymmetry.16
If an object is chiral, it is distinguishable from its mirror image. Examples are found17
in left- and right-hands, sugar molecules, and spiral structures. These systems lack18
space-inversion symmetry and have OA.19
Helicity is contrastingly a degree of some rotating motion or structures. For20
example, the helicity of a vector field, v⃗(r⃗), is defined as H =
∫
v⃗ · (∇× v⃗)dr⃗, which is21
used in fluid mechanics and magnetism. In elementary particle physics, the helicity is22
defined as a projection of the spin angular momentum onto the direction of momentum,23
which is described as24
h =
S⃗ · p⃗
|p⃗|
, (3)
where S⃗ and p⃗ are the spin and the momentum, respectively. If a circularly-polarized25
electromagnetic wave is propagating to the z-direction, it has the eigenvalues of the26
helicity, h = ±1, where ± correspond to left- and right-handed polarizations.27
Here we have to note that the definition of the circular polarizations are often28
confusing. In some articles, circular polarizations are defined by their helicities that are29
odd under the space-inversion operation. In this paper, on the other hand, we define30
circular polarizations corresponding to the angular momentum that is even under the31
space-inversion operation [4].32
2.3. Magneto-optical (MO) effect33
The break in time-reversal symmetry in magnetic fields or magnetized materials causes34
MO effect. Contrastingly to natural OA associated with intrinsic chirality, the MO35
effect is induced by external fields, i.e., the induced optical effect [4]. Here we consider36
the MO effect in transmission configuration where an external magnetic field is applied37
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along the electromagnetic wave propagation direction; that is to say, the Faraday effect.1
However, the physics underlying the phenomena is similar in reflection configuration,2
so-called, longitudinal/transverse/polar MO Kerr effects [52, 53], and in transmission3
configuration where an external magnetic field is applied in a direction perpendicular to4
the electromagnetic wave propagation, so-called, the Voigt and Cotton-Mouton effects.5
Phenomenologically similar to OR and CD, the MO effect gives rise to polarization6
plane rotations of linearly-polarized light, i.e., Faraday rotation (FR) and magnetic7
circular dichroism (MCD). The FR is caused by the phase delay, whereas MCD is owing8
to the absorption difference between left- and right-handed circularly-polarized light.9
Both FR and MCD are given in degrees. Contrastingly to the OA, polarization-plane10
rotation angles in FR and MCD are determined by the magnetic field or magnetization11
directions. If we look the phenomena from the light source and even if the light12
propagation direction is in parallel or anti-parallel along to the magnetic field direction,13
the FR (MCD) angle has the same sign.14
Let us assume that an angle in FR is θ after transmitting from the one side of15
a magnetized MO medium with very small absorption. When the light transmits the16
medium again from the opposite side after reflecting by a mirror, the rotation angle is17
θ again because the rotation angle is dependent on the magnetization direction. This18
causes the 2θ rotation in total. In other words, the transmission of circularly-polarized19
light is anti-symmetric in an MO medium. This is so called non-reciprocity.20
The MO effect is caused by the Lorentz force on electrons by magnetic fields.21
Lorentz force is directed normal to the magnetic field and to the electron motion.22
Therefore, the magnetic permeability of MO media becomes tensor µ̂ and has the non-23
zero off-diagonal components:24
µ̂ =
 µxx −iκ 0iκ µyy 0
0 0 µzz
 . (4)
On the off-diagonal component, MO parameter κ is proportional to the external25
magnetic field and gives MO effect.26
2.4. Magnetochiral (MCh) effect27
Now we may ask naturally what electromagnetic waves experience in a material having28
magnetism and chirality simultaneously. Combination of the MO effect and OA in the29
Faraday configuration gives rise to the optical MCh effect, in other words, the directional30
birefringence which is independent of polarizations. The MCh effect was first predicted31
theoretically [8, 9, 10, 11] and then experimentally verified by Rikken and Raupach [12]32
in absorption, i.e., magnetochiral dichroism (MChD) as shown in Fig. 2(a).33
Five strategies are found in a route to achieving the MCh effects using natural or34
artificial materials. The first one is that natural chiral molecules under strong magnetic35
field [12, 13, 14, 15, 54, 55]. In optically active organic liquids, variations in refractive36
indices due to the MCh effect in the visible region were measured to be quite small; for37
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(a) (b)
Figure 2. (a) MChD of natural chiral molecules under magnetic field and (b) optically
induced chirality in the atomic vapor cell using coherent control. (a) is reprinted by
permission from Macmillan Publishers Ltd: [12], copyright (1997). (b) is reprinted
figure with permission from [16], copyright (2005) by the American Physical Society.
example, 10−8 at 5 T [13] and 10−10 at 100 mT [15] using interferometric detection.1
The second route is via optically-induced chirality in the atomic vapor cell using2
coherent control [16] as shown in Fig. 2(b). Third, molecular magnets, for example,3
the two-dimensional (2D) oxalate-based chiral magnets [18], are utilized as shown in4
Fig. 3(a). In the forth strategy, chirality is incorporated in bulk magnetic materials:5
for example, noncentrosymmetric canted antiferromagnet CuB2O4 [17], antiferromagnet6
Ba2CoGe2O7 that undergoes a magnetic-field driven transition to a chiral form [19], the7
electromagnon resonance in the screw spin helimagnet CuFe1xGaxO2 (x = 0.035) [20]8
as shown in Fig. 3(b), and the multiferroic chiral-lattice magnet Cu2OSeO3 [21, 56] as9
shown in Fig. 3(c) under static dc magnetic fields. The last one is a few attempts to10
observe the MCh effect using artificial structures [57, 58].11
The MCh effect in natural materials is much smaller than the MO effect and OA12
due to a weak coupling between magnetism and chirality. Hence it becomes important to13
enhance the magnetochiral coupling. Artificial structured metamaterials are promising14
routes to achieve the enhancement. In the following, we derive the MCh effects and15
address how we can enhance the MCh effects. Starting from constitutive equations16
in a medium with both magnetism and chirality, and Maxwell equations in 2.4.1, we17
obtain a refractive index of the medium in 2.4.2. In 2.4.3, a small comment at visible18
frequencies is given when the MO parameter is included in electric permittivity tensor.19
Furthermore, we introduce several considerable phenomena relevant to the MCh effects;20
for example, synthetic gauge fields, the homochirality and quantum vacuum effect in21
2.4.4 and optical ME effect in 2.4.5.22
2.4.1. Wave equation in medium with magnetism and chirality Based on the23
aforementioned discussion, let us explicitly derive the optical MCh effects by calculating24
the dispersion. Maxwell equations read25
∇× E⃗(r⃗, t) = − ∂B⃗(r⃗, t)
∂t
, (5)
CONTENTS 12
(a)
(b)
(c)
Figure 3. (a) MCh effect by oxalate-based chiral magnets. Reprinted by permission
from Macmillan Publishers Ltd: [18], copyright (2008). (b) The screw spin helimagnet
CuFe1xGaxO2 (x = 0.035). Reprinted by permission from Macmillan Publishers
Ltd: [20], copyright (2014). (c) MCh effect by the multiferroic chiral-lattice magnet
Cu2OSeO3. Reprinted figure with permission from [21], copyright (2015) by the
American Physical Society.
∇× H⃗(r⃗, t) = ∂D⃗(r⃗, t)
∂t
, (6)
where E⃗, B⃗, H⃗, and D⃗ are the electric field, the magnetic flux density, the magnetic1
field, and the electric flux density, respectively. The constitutive equations of the chiral2
media with magnetism are written as3
D⃗(r⃗, t) = ε0ε̂E⃗(r⃗, t)− i
ξ̂
c
H⃗(r⃗, t), (7)
B⃗(r⃗, t) = µ0µ̂H⃗(r⃗, t) + i
ξ̂
c
E⃗(r⃗, t), (8)
where the parameters, ε̂ and µ̂, are respectively the electric permittivity and the4
magnetic permeability tensors of the medium. The permeability µ̂ plays a major role to5
characterize electromagnetic interactions in the microwave region, and the permittivity6
is assumed to be a scalar, ε̂ = ε1̂. The chirality tensor ξ̂ represents an effect of structural7
chirality that breaks the space-inversion symmetry. Before we rush to substitute Eqs.8
(7) and (8) into Maxwell equations [Eqs. (5) and (6)] for obtaining wave equation, we9
must pause to consider another option in ε. In the visible region, ε̂ plays a major role10
to characterize electromagnetic interactions. Hence, we will briefly give an derivation of11
the MCh effect in the visible region in 2.4.3.12
To realize the MCh effect, we break the time-reversal symmetry by applying13
an external magnetic field to the z-direction. The magnetic permeability µ̂ can be14
represented by Eq. (4). On the off-diagonal component, the MO parameter κ, which15
is proportional to the external magnetic field, gives MO effects such as the Faraday16
effect. We consider a plane wave with the wave vector, k⃗ = (k⃗t, kz), where the subscript17
“t” denotes the transverse component. Now we consider plane waves of E⃗, B⃗, H⃗, and18
D⃗ ∝ eik⃗·r⃗−iωt. Equations (5) and (6) become19
k⃗ × E⃗(r⃗) = ωB⃗(r⃗), (9)
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k⃗ × H⃗(r⃗) = − ωD⃗(r⃗). (10)
Let us write E⃗ and B⃗ in terms of H⃗. From Eqs. (7) and (10), the electric field is1
written as2
E⃗ =
1
ε0ε
[−1
ω
k⃗ × H⃗ + i ξ̂
c
H⃗
]
, (11)
where position dependence is omitted for simplicity. Substituting this representation of3
the electric field into Eq. (8), we get4
B⃗ = µ0µ̂H⃗ + i
1
cε0ε
ξ̂
[−1
ω
k⃗ × H⃗ + ξ̂
i
H⃗
]
. (12)
From Eqs. (11) and (12) combined with Eq. (9), the wave equation is written to be5
−k⃗ × (k⃗ × H⃗)− i⃗k × (ξ̂H⃗)− iξ̂(k⃗ × H⃗)
=
ω2
c2
εµ̂H⃗ +
ω
c
ξ̂2H⃗. (13)
2.4.2. Dispersion relation and refractive index We assume that chiral axis is parallel6
to the z-direction corresponding to our experimental setup shown later. The chirality7
tensor is written as8
ξ̂ =
 0 0 00 0 0
0 0 ξ
 . (14)
This means that the z-component of the electric field induces that of the magnetic field,9
and vice versa. In this case, it is convenient to separate the propagation direction into10
the transverse and the longitudinal components [59] to be k⃗ = (k⃗t, kz). Given that11
µxx = µyy = µzz = µ in Eq. (13), the dispersion relation, namely the index ellipsoid, is12
obtained to be13
k2t
(n±t )
2
+
k2z
(n±z )
2
=
ω2
c2
, (15)
where14
n±t =
√
ε
√
µ± 1
4
√
ε
µ
κ± ξ
2
+
1
4
ξ
κ
µ
, (16)
n±z =
√
ε
√
µ± 1
2
√
ε
µ
κ. (17)
These are refractive indices in which the sign ± represents polarization states.15
Here we focus on Eq. (16) that consists of four terms with different physical16
meanings. The first term on the right-hand side is a conventional dispersion without17
symmetry breakings. The second term is proportional to the external magnetic field18
that breaks the time-reversal symmetry. This term represents the MO effect and19
depends on polarization states. The third term also depends on polarization states20
and has directional dependence, representing OA by the chirality that breaks the space-21
inversion symmetry. The fourth term in the right-hand side of Eq. (16) represents22
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what we are looking for in this paper, the MCh effect. This term is independent1
of polarization states but depends on propagation directions [60]. Such properties2
are caused by the simultaneous breaking of the time-reversal and the space-inversion3
symmetries, as summarized in Fig. 1. The MCh effect term contains a product of ξ and4
κ, which are originally dependent on light polarization. However, the product results5
in a cancel of the polarization dependence, leading to the polarization-independent6
directional birefringence.7
Our derivation here implies that the MCh effect is realized without an explicit8
coupling between the MO effect and OA. Even without the coupling, electromagnetic9
waves regard κ and ξ combined together as a fictitious interaction, which corresponds10
to the cascade MCh anisotropy [54]. This is very similar to the conventional refractive11
index, namely the first term in the right-hand side of Eq. (16), where electromagnetic12
waves regard ε and µ combined together. In this way, large MCh effects can be achieved13
by decoupling between κ and ξ, enhancing κ and ξ independently, and combining κ and14
ξ in the sub-wavelength region.15
2.4.3. MO parameter in electric permittivity tensor In the visible light region, the MO16
effect is represented by the off-diagonal components of the electric permittivity tensor17
ε̂. In this case, the MCh effects are similarly derived as the previous section. Consider a18
light propagation through a magnetic medium under the external magnetic field parallel19
to the propagating direction, the z-direction. The electric permittivity tensor is written20
to be21
ε̂ =
 ε −iχMO 0iχMO ε 0
0 0 ε
 , (18)
where χMO is assigned to the MO parameter in electric permittivity tensor. The22
magnetic permeability is assumed to be diagonal and µxx = µyy = µ. The wave equation23
for the electric field vector is obtained to be24
−k⃗ × (k⃗ × E⃗)− ik⃗ × (ξ̂E⃗)− iξ̂(k⃗ × E⃗)
=
ω2
c2
ε̂µE⃗ +
ω
c
ξ̂2E⃗. (19)
This equation has the same form as Eq. (13) with correspondence, H⃗ ↔ E⃗ and ε̂ ↔ µ̂.25
Therefore the indices of refraction are written to be26
n±t =
√
ε
√
µ± 1
4
√
ε
µ
χMO ± ξ
2
+
1
4
ξ
χMO
µ
, (20)
n±z =
√
ε
√
µ± 1
2
√
ε
µ
χMO. (21)
The fourth term on the right hand side in Eq. (20) represents the MCh effects.27
2.4.4. MCh effect in optics, photonics, chemistry, biology, and quantum mechanics28
The MCh effect leads to the difference between transmission coefficients of29
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electromagnetic waves from the one side and the opposite side of the medium. A1
large MCh effect is thus promising for new functional devices such as a polarization-2
independent non-reciprocal one-way mirror. While non-reciprocal polarization-3
independent directional birefringence can be implemented using a combination of several4
optical components, for example, an MO medium, birefringent medium, and λ/25
wavelength plates, its realization in a single (meta)material would promise a variety6
of applications in the photonic networks.7
Furthermore, the quest for large MCh effects paves a way toward the realization8
of synthetic gauge fields [24, 25, 26, 27]. Suppose electromagnetic waves through9
metamaterials with the refractive index gradient, i.e., a spatial variation in the meta-10
atom or metamolecule density, in a direction perpendicular to the wave incident11
direction. The refractive index gradient due to the spatial variation deflects the center12
of gravity of the beam [29]. If the metamaterials consist of non-reciprocal MCh13
metamolecules, the bending direction depends on the beam propagation direction. The14
trajectory of electromagnetic wave is very similar to that of electrons under a magnetic15
field owing to the Lorentz force even though photons not having electric charges never16
feel the intrinsic Lorentz force by a magnetic field. Since materials are regarded as17
“fields” by electromagnetic waves, an effective magnetic field for electromagnetic waves18
[22, 23, 28] can thus be synthesized using non-uniform gradated MCh metamaterials.19
The MCh effects are of interest not only in condensed matter physics and material20
science but also in completely different fields at first blush, for example, biology and21
quantum physics. It is well known that the chemistry of life is homochiral, being almost22
exclusively on L-amino acids and D-sugars [48]. L and D are respectively from the Latin23
levo (meaning left) and dextro (meaning right) of molecular structure in chemistry.24
The ability of biological molecules to discriminate between enantiomers is vital for25
living system. The homochirality in biology and biochemistry is a big question and26
still under intensive discussion. Rikken and Raupach [14] reported that MChD with27
chiral molecule complex in solution is utilized to favor the production of one enantiomer28
in photochemical reactions. This enantioselective MCh photochemistry sheds light to29
the big question of the possible origins for biological homochirality [48].30
In contrast to the macroscopic biological systems, microscopic systems are described31
by the quantum mechanics. The quantum theory of the free electromagnetic field in the32
absence of any source was formulated by Born, Heisenberg, and Jordan [61]. After33
the first application made by Dirac [62], the quantum electrodynamics predicted a34
fluctuating zero-point or “vacuum” field existing even in the absence of any sources.35
In other words, the electromagnetic quantum vacuum is not empty but filled with36
the Casimir energy [63, 64], which is proven convincingly by the attraction between37
two conducting plates [65]. The quantum electrodynamics calculations were carried38
out to demonstrate that the kinetic Casimir momentum transferred from the quantum39
vacuum to an MCh system, in which a chiral oscillator is subject to only an external dc40
magnetic field [66, 67]. The resulting MCh Casimir momentum is a tiny, but non-zero41
for the magnetic dipole case, while it vanishes rigorously for the electric dipole case.42
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The momentum transfer is expressed in terms of observable parameters, for example,1
the molecular rotatory factor, enabling us to realize zero-point tweezers [68], by which2
the object’s motion can be manipulated by vacuum fluctuations.3
2.4.5. Magneto-electric (ME) effect Similarly to the MCh effects, a directional4
birefringence independent of polarization, called the optical ME effect, is observed5
in multiferroic materials [30, 31, 32, 33]. While the MCh effect is observed in the6
Faraday configuration, the optical ME effect is observed in the Voigt configuration,7
where light transmits through the medium under an external magnetic field in a direction8
perpendicular to the light propagation. The optical ME effect is represented by the off-9
diagonal component in the ξ tensor, which is independent of the light polarization.10
Recently, one-way transparency due to the optical ME effect has been reported in11
natural materials at low temperature and/or under strong magnetic field in multiferroic12
CuB2O4 for near-infrared light [34] as shown in Fig. 4(a). In the multiferroic materials,13
the one-way transparency is traced back to the interference between the E1 and M114
transitions under the condition that the two transitions have the same amplitude.15
Intensive research efforts on directional birefringence have been devoted to realizing16
and enhancing intrinsic electronic interactions such as ME resonances. On the other17
hand, several studies have been reported to enhance the optical ME effect by using18
photonic crystals [35] [Fig. 4(b)], gratings [36], and multilayers [37] mainly in optical19
regions. An enhancement of directional birefringence using photonic structures was20
theoretically demonstrated [38] as shown in Fig. 5. In this calculation, the ME effect was21
phenomenologically taken into account by directional dependence of refractive indices.22
This result is also applicable for the MCh effects. In this way, the MCh effect can23
be enhanced by artificial photonic structures, for example, metamaterials consisting of24
well-designed sub-wavelength structures [43].25
2.5. Metamaterial26
A periodic array of artificial elements can behave as an effective medium for scattering27
when the wavelength is much longer than both the element dimension and lattice28
spacing. In other words, waves regard the materials as media with effective parameters29
by coarse graining. Such artificial materials consisting of the subwavelength structures30
and bringing about unusual and nonintuitive optics not observed in ordinary materials31
are called metamaterials [43]. Because the coarse graining is applicable to another32
waves, metamaterials after the discovery in electromagnetism at the last year of the33
20th century [41] are now expanding into acoustic [69, 70] and seismic wave propagations34
[71], and even into heat diffusion [72, 73]. In this Topical Review, however, we focus on35
electromagnetic metamaterials unless otherwise noted.36
Metamaterial research was triggered by realizing negative index of refraction by37
Schultz, Smith, and co-workers [41, 42] as shown in Fig. 6(a). Refractive index (n)38
is defined by how the electromagnetic waves behave at the interface between different39
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New Figure 4
(b)
(a)
Figur 4. ME effects by (a) natural multiferroic CuB2O4 and (b) artificial photonic
crystals. (a) is reprinted figure with permission from [34], copyright (2015) by the
American Physical Society. (b) is reprinted figure with permission from [35], copyright
(2005) by the American Physical Society.
photonic media; that is to say, Snell’s law. The n consisting of electric permittivity1
(ε) and magnetic permeability (µ) in n =
√
ε
√
µ has positive value larger than unity2
in most propagative materials because of dispersive and narrow-band characteristics3
of ε and µ. What makes the metamaterials special is that the effective ε and µ can4
simultaneously have values not observed in ordinary materials. A negative refractive5
index stemming from the sign change of the group velocity was a long standing issue6
[74, 75] as found in the literature about the negative group velocity by Burillouin [76].7
Veselago [77] theoretically investigated the electrodynamic consequences of a medium8
both ε and µ negative. He concluded that such a material would be propagative, but9
show dramatically different propagation characteristics, including negative refractive10
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(a) (b)
(c)
Figure 5. Enhancement of directional birefringence using photonic crystals.
Schematic illustration of (a) a magnetochiral multilayer and (b) a stripe structure
whose constituent materials are multiferroics and air. (c) Frequency dependence
of calculated reflectivity for the normal incidence. Reprinted from [38], with the
permission of AIP Publishing.
index, reversal of Doppler shift and Cherenkov radiation, and even reversal of radiation1
pressure to radiation tension. In contrast to ordinary “right-handed” (not in terms2
of chirality) materials with positive n, such materials were originally termed “left-3
handed” materials, where E⃗, H⃗, and k⃗ form the left-handed configuration. However, in4
this Topical Review, we refer to the left-handed material as a negative-refractive-index5
material for avoiding the confusion with the chirality.6
A recipe for the negative-refractive-index materials was described by Pendry and7
co-workers [39, 40, 78]. They showed theoretically how to prepare an artificial photonic8
material consisting of metallic thin wires in which the effective plasma frequency is9
depressed by up to six orders of magnitude, leading to effectively negative ε in microwave10
frequencies [39]. Furthermore, they introduced a periodic array of nonmagnetic, for11
example, Cu, conducting units, referred to as split-ring resonators (SRRs), whose12
dominant behavior can be interpreted as having an effective µ in microwave region [40].13
By making the SRRs resonant, the magnitude of effective µ is enhanced considerably,14
leading to negative effective µ near the high frequency side of the resonance. For human15
being, these artificial structures look similar to electric circuits rather than materials.16
Indeed, the SRR resonance is interpreted as a LC resonance in the ring-shaped circuit17
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(a) (b)
(c)
Figure 6. (a) Negative-refractive-index metamaterials at microwave frequency from
[42]. Reprinted with permission from AAAS. (b) Metamaterial invisible cloak for
microwaves form [93]. Reprinted with permission from AAAS. (c) Absorptivity
spectrum of metamaterial perfect absorbers in the infrared region. Reprinted figure
with permission from [99], copyright (2011) by the American Physical Society.
[79]. However, as far as external electromagnetic radiation is concerned, these structures1
appear as a homogeneous dielectric medium having effective ε and µ.2
Schultz, Smith, and co-workers [41] constructed a metamaterial by integrating the3
well-designed Cu SRRs with Cu thin wires, resulting in an overlap between negative4
µ and ε at a microwave frequency. When the deflection of a beam of microwave5
radiation was measured as the beam passed through the prism-shaped sample, a negative6
refractive index was experimentally verified [42]. After this discovery, metamaterials7
are intensively studied toward optical frequencies by miniaturizing the constituent8
units [79, 80, 81, 82, 83, 84, 85, 86]. Moreover, a variety of exotic phenomena9
were predicted and implemented by metamaterials; for example, a high-performance10
plano-concave lens [87], perfect [88] /super [89] / hyper [90] lenses, electromagnetic11
cloaks for invisibility [91, 92, 93, 94, 95, 96], and perfect absorbers [97, 98, 99].12
Recent progresses of electromagnetic metamaterials are summarized in these literatures13
[43, 100, 101, 102, 103, 104, 105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115, 116, 117].14
2.5.1. Metamaterial concept A key concept of metamaterials is the assignment of15
distinct functions to different units, called meta-atoms or metamolecules, mimicking16
an intriguing property for light. When realizing negative index of refraction by17
metamaterials, for example, one may assign magnetic resonance to Cu SRRs and electric18
response to Cu thin wires [41]. In this way, light “feels” the medium consisting of19
these constituents as an effective medium. In other words, negative-refractive-index20
metamaterials are realized by controlling independently ε and µ. This independent21
control is caused by the absence of an intrinsic electronic interaction between effective22
ε and µ in the metamaterials. Even without the interaction, electromagnetic waves feel23
ε and µ combined together as a fictitious interaction: n =
√
ε
√
µ [42].24
Let us examine another example, metamaterial perfect absorbers [97]. We define25
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T and R as transmission and reflection of electromagnetic waves, respectively. The1
absorption A is then calculated to be A = 1− T −R. Hence, if T = R = 0 is obtained,2
A becomes unity, resulting in perfect absorption. Zero transmission is rather easy to be3
obtained. Contrastingly, R = 0 is tough to be achieved using natural materials because4
R is relevant to the wave impedance η =
√
µµ0/εε0 and we cannot change µ and ε5
independently. However, metamaterials enable us to control independently effective µ6
and ε, leading to two media with different n but identical η, i.e., R = 0 and A = 17
[97, 98, 99]. This concept, independent control of materials parameters, is applicable in8
a broad range of physics in atoms, molecules, and condensed matter. Here we are going9
to import this concept into the MCh effect research via ξ and κ by decoupling, tuning,10
and integrating OA and the MO effect in one metamaterial.11
In addition to the “job-sharing” in metamaterials, what we could learn from12
the metamaterials history aforementioned is that microwave metamaterials are good13
playgrounds for testing new physical concepts and phenomena, like the MCh effect.14
The reason is twofold: an intrinsic one and practical one. As the intrinsic reason, at15
microwave frequencies, metallic elements are perfect conductors so that electromagnetic16
losses, i.e., imaginary parts of effective ε and µ, are not dominant in propagations.17
Second, microwaves are practically human-scale electromagnetic waves. For example,18
the X-band microwave around a frequency of 10 GHz corresponds to wavelength of 3019
mm in vacuum, which is very similar to the human scale. This enables us to manufacture20
the well-designed metamaterials. Therefore, we study the MCh metamaterials at21
microwave frequencies in this Review. Before moving on to the MCh metamaterials, we22
give brief reviews on metamaterials solely with magnetism in 2.5.2 and with chirality in23
2.5.3.24
2.5.2. Metamaterial with magnetism In this part we take a look at an quick overview25
of metamaterials with magnetism. The SRRs response to ac magnetic fields of26
electromagnetic waves, leading to magnetic resonances by structured nonmagnetic27
materials. In this way, the SRRs are usually referred to as magnetic metamaterials28
[118]. However, this is not the case in this part. Here metamaterials with magnetism29
are assigned to structured metamaterials consisting of ferromagnetic metals, for30
example, Fe, Ni, and FeNi alloy (permalloy; Py), or insulating ferro/ferrimagnet, for31
example, Y3Fe5O12 (YIG) ferrite and La0.89Sr0.11MnO3 (LSMO). Initially, the magnetic32
metamaterials have attracted interest from a view point of an alternative route to33
negative-refractive-index metamaterials without SRRs.34
In magnetic materials, µ becomes intrinsically negative at the high frequency35
side of a ferromagnetic resonance (FMR) frequency of electron spins, normally in36
microwave region [119]. Since the FMR frequency is dependent on the external37
magnetic fields, metamaterials with magnetism are anticipated to bring about negative-38
refractive-index metamaterials with an operation frequency tunable by the external39
fields. The eddy current loss is, however, dominant in bulk ferromagnetic metal; the40
negative real part of µ is smeared out by the large imaginary part. Because the eddy41
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(a) (b)
Figure 7. (a) Composite materials consisting of YIG and Cu granules. Reprinted from
[131], with the permission of AIP Publishing. (b) Alternative multilayers of LSMO and
YBCO layers. Reprinted figure with permission from [132], copyright (2005) by the
American Physical Society.
current loss is inversely scaled with the magnetic metals volume, miniaturization is1
a possible address to suppress the eddy current losses. Therefore, composite and2
granular materials consisting of magnetic metal nanoparticles embedded in nonmagnetic3
insulating matrices have been considered theoretically to realize negative-refractive-4
index metamaterials at microwave frequency [120]. Indeed micromagnetics simulation5
indicated that negative µ was obtained by the Ni nanocomposites around FMR6
frequencies [121, 122, 123, 124]. The ferromagnetic composite materials consisting of7
nanoparticles were synthesized and studied using electron spin resonance and microwave8
transmission [125, 126, 127, 128, 129]. Moreover, it is theoretically predicted that9
exchange spin-wave resonances in thin magnetic films with surface pinning bring10
about the negative real part of µ at higher frequencies of several hundred GHz [130].11
Nevertheless, the large imaginary part is still an issue.12
Another possible address for suppressing the eddy current losses is insulating13
ferro/ferrimagnets with low electric conductivities. Composite materials consisting14
of YIG and Cu granules have reported to have negative µ and ε simultaneously at15
microwave frequencies under dc magnetic fields [131] as shown in Fig. 7(a). Moreover, as16
shown in Fig. 7(b), alternative multilayers of LSMO and superconducting YBa2Cu3O717
(YBCO) under dc magnetic fields show both µ and ε to be negative value simultaneously18
for millimeter waves at 90 GHz [132]. Furthermore, magnetic composites consisting of19
gold nanoparticles embedded in YIG matrices [52, 133] are of interest from the view20
point of magnetoplasmonics [134].21
Beside the above-mentioned researches on composite nanomaterials, the use of22
negative µ in ferrite materials [135, 136] was proposed to realize non-reciprocal negative-23
refractive-index metamaterials with the help of microwave circuit technologies. Non-24
reciprocal transmission lines with negative effective n were demonstrated by employing25
microstrip lines on a YIG polycrystalline substrate, which is magnetized perpendicular26
to the microwave propagation direction for the negative µ condition [137]. The27
microstrip lines consist of periodically loaded with series capacitances and shunt28
inductive stubs for the application to isolators. Even without insertion of the series29
capacitances [Fig. 8(a)], negative µ in the ferrite substrate supports wave propagation30
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(a) (b)
Figure 8. (a) Geometries of non-reciprocal negative-refractive-index transmission
lines using normally magnetized ferrite microstrip lines without capacitances. (b)
Measured S-parameters validating that the insertion of inductive stubs for negative ε
creates a passband only for S21 in the single negative µ stopband due to the ferrite
material. Reprinted figures with permission (17RA0048) from [138], copyright (2006)
by IEICE.
along with inductive stubs for negative ε as shown in Fig. 8(b) [138].1
Other configurations were based on a metallic rectangular waveguide periodically2
loaded with transversely magnetized ferrite slabs and neighboring dielectric regions [139]3
and a uniform ferrite waveguide with one side wall open, which supports a gap-less4
forward and backward mode only in one propagation direction [140]. Several recent5
works [141, 142, 143, 144, 145] on ferrite-based magnetic metamaterials were devoted to6
controlling non-reciprocal phase gradient of the field profile for applications to antennas7
and sensing technologies. Phase-shifting non-reciprocity enhancement [146, 147] and8
optimal dispersion design, such as dispersion-less non-reciprocity [148] will open up new9
applications of non-reciprocal metamaterials.10
2.5.3. Metamaterial with chirality This part gives a brief review of metamaterials11
with chirality. A prototype of chiral metamaterials that show OA for electromagnetic12
radiation is known from the pioneering work using twisted fiber jute bundles by Bose13
[149] in 1898. Chiral structures were studied in terms of helical antenna for radiation14
[150] and model system using microwaves for understanding OA in chiral molecules15
[151].16
Modern chiral metamaterials or photonic crystal [152, 153, 154, 155, 156, 157]17
with quasi-2D planar gammadion-shaped nanostructures showed giant optical activity18
in visible [158] and near-IR region [159]. The giant polarization effect arises from the19
light-matter interaction enhancement through surface plasmons. This planar chirality20
is caused by the three-dimensional (3D) character of the structure, i.e., from the21
presence of the air-metal and substrate-metal interfaces. Additionally, as shown in Fig.22
9(a), circularly-polarized infrared light emission was observed from InAs quantum dots23
embedded in the GaAs-based 2D chiral photonic crystal waveguide [160]. When the wave24
impedance and wavenumber of the chiral medium composed of chiral meta-atoms are25
equal to the corresponding parameters of vacuum, one of the circularly-polarized light26
is transmitted to the medium without reflection or refraction for all angles of incidence;27
that is to say, chiral vacuum [161], leading to a circular polarizing beam splitter.28
Since OA is a first-order spatial dispersion effect originating from the non-local29
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light-matter interaction, a large 3D spatial variation in the chiral structures, like1
helices, is preferable for obtaining larger OA. Chiral metamaterials consisting of 3D2
gold helices arranged on a 2D square lattice were fabricated using direct laser writing3
into a photoresist followed by electrochemical gold deposition [162]. The structure4
blocks the circular polarization with the same handedness as the helices, whereas it5
transmits the other in a broadband, for a frequency range exceeding one octave in the6
few-µm wavelength range. To realize enantiomeric switching ability, a micro-electro-7
mechanical systems (MEMS) chiral metamaterial was demonstrated to be facilitated by8
a deformable 3D chiral structure with the ability to switch between mirror images as9
shown in Fig. 9(b) [163].10
A new twist to the story of modern chiral metamaterials appeared in 2004. Pendry11
[164] suggested chiral metamaterials exhibiting strong OA as a potential candidate for12
achieving negative refraction. The refractive index becomes negative for one circular13
polarization even if both ε and µ have positive values [165]. There are several14
implementation of negative refraction using chiral metamaterial: by using circuit-15
board printing technology in GHz range [Fig. 9(c)] [166] and by employing standard16
lithographic technique in THz range [167].17
3. Experiment on magnetochiral metamolecule for X-band microwave18
In this section 3, we demonstrate our direct experimental observation of MCh effects19
at X-band microwave frequencies by a single metamolecule in waveguide at room20
temperature. Subsection 3.1 describes experimental procedures in metamolecule21
preparation and microwave measurement. After a brief introduction of microwave22
transmission spectra of chiral and magnetic meta-atoms in 3.2, we detail microwave23
transmission spectra by the MCh metamolecule under weak (3.3) and strong magnetic24
fields (3.5). Non-reciprocal refractive index difference due to the MCh effect under weak25
magnetic fields are evaluated in 3.4.26
3.1. Sample preparation and microwave measurement27
An MCh metamolecule has been embodied by using a Cu chiral structure (chiral meta-28
atom) and YIG ferrite rod/cylinder (magnetic meta-atom). Figure 10(a) shows a29
photograph of an MCh metamolecule in this study. A Cu wire 0.55 mm in diameter30
was coiled clockwise four times round the thread groove of the right-handed screw to31
form the right-handed Cu chiral meta-atom, as illustrated in the left part of Fig. 10(a).32
As shown in the right-hand side in Fig. 10(a), the cross-section and length of the33
ferrite rod were 1.5 mm × 1.5 mm and 15 mm, respectively. Note that a ferrite square34
pillar was replaced by a ferrite cylinder with diameter and length of 2 mm and 15 mm,35
respectively, in the measurements under strong magnetic field in 3.5. However, this36
change in the magnetic meta-atom shape does not affect the experimental results and37
underlying physics. The ferrite square/round pillars are well insulating. The magnetic38
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(c)
Figure 9. (a) Circularly-polarized infrared light emission observed from InAs quantum
dots embedded in the GaAs-based 2D chiral photonic crystal waveguide. Reprinted
figure with permission from [160], copyright (2011) by the American Physical Society.
(b) MEMS spiral metamaterial from [163], copyright (2015) by Macmillan Publishers
Ltd. (c) Chiral metamaterials as a candidate for achieving negative refraction.
Reprinted figure with permission from [166], copyright (2009) by the American Physical
Society.
meta-atom was inserted in the chiral meta-atom and the metamolecule was fixed in a1
thermal-contraction tube as shown in Fig. 10(a).2
Figure 11 shows magnetization of the MCh metamolecule measured by a3
magnetometer as a function of the dc magnetic field applied in the direction parallel to4
the ferrite rod. Spontaneous magnetization and the soft magnetic nature of the ferrite5
rod in the metamolecule were observed. The magnetization is saturated by applying dc6
magnetic fields of approximately 50 mT.7
A single metamolecule was put into a WR-90 waveguide, which was terminated8
at both ends by Agilent 281A adaptors. Microwave propagating direction is along9
parallel/anti-parallel to the chiral axis as illustrated in Fig. 10(b). Because ac magnetic10
fields of microwaves in the waveguide are parallel to the chiral axis of the MCh11
metamolecule, chiral resonance can be excited. Two adaptors were connected via the12
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Figure 10. (a) Center: A photograph of the MCh metamolecule. Diameter of the
coin in the photo is 23.1 mm. Illustrations of Cu chiral structure (left) and YIG ferrite
rod (right). (b) A schematic of configurations in the microwave measurements of S21
of the MCh metamolecule.
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Figure 11. Magnetization of the MCh metamolecule as a function of the dc magnetic
field applied in the direction parallel to the ferrite square rod.
waveguide so that the polarization plane of an electric field of the fundamental TE101
mode in an adaptor was parallel to that in the other adaptor. The sample in the2
waveguide was placed between two poles in an electromagnet. The dc magnetic fields3
µ0Hext was applied up to ± 400 mT, which is enough to saturate magnetization of4
magnetic meta-atom, in a direction parallel/anti-parallel to the microwave propagation.5
The µ0Hext was monitored by using a gauss meter equipped with a Hall element.6
The µ0Hext > 0 (µ0Hext < 0) corresponds to magnetic field direction from port 17
to port 2 (port 2 to port 1). An X-band microwave source was an Agilent PNA N52248
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Figure 12. Transmission S21 amplitude spectra of (a) Cu chiral structure without the
external magnetic field, and of (b) ferrite rod without the dc field (black), with + 150
mT (blue), + 200 mT (green), and + 250 mT (red). Reprinted figure with permission
from [44], copyright (2014) by the American Physical Society.
vector network analyzer. We measured S-parameters of S21 and S12 corresponding1
respectively to transmission coefficients from port 1 to port 2 and from port 2 to port2
1, simultaneously. All measurements were carried out at room temperature.3
3.2. Transmission spectrum of meta-atom4
Figure 12(a) shows an amplitude spectrum of S21 in frequencies between 6 to 12 GHz5
through only the Cu chiral meta-atom without the dc magnetic field. The measurements6
are valid in the pass-band above 6.6 GHz, which is the cut-off frequency of the waveguide.7
We observe a notch at 9.4 GHz, which is traced back to resonance of the chiral meta-8
atom. The chiral meta-atom rotates the polarization plane of electric field of microwaves9
and the microwaves do not transmit due to the parallel configuration of the adaptors10
at the end of the waveguide. In this way, the chiral meta-atom gives rise to the optical11
activity and enhances the activity by resonance [168]. The spectrum for the chiral12
meta-atom under the applied magnetic field is the same as that shown in Fig. 12(a).13
Amplitude spectra of S21 of the YIG ferrite magnetic meta-atom are shown in Fig.14
12(b). Without the external dc magnetic field, a feature-less spectrum (black curve) is15
obtained between 7 to 12 GHz. Contrastingly, a large notch emerges at 7.1 GHz when16
the dc field of + 150 mT is applied in a direction parallel to the ferrite rod by using the17
electromagnet (blue curve). This notch shifts to a higher frequency at approximately18
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Figure 13. Transmission S21 (red) and S12 (blue) amplitude spectra (a)-(c) and phase
spectra (d)-(f) of the single MCh metamolecule under the external dc magnetic fields
of 0 mT [(a) and (d)], + 10 mT [(b) and (e)], and + 180 mT [(c) and (f)]. Insets:
enlarged spectra at the resonant optical activity around 10 GHz. Reprinted figure with
permission from [44], copyright (2014) by the American Physical Society.
8.7 GHz and 10.3 GHz, with an increase in the magnetic field to + 200 mT (green curve)1
and + 250 mT (red curve), respectively. The features shifting upward with an increase2
in the magnetic field originate from FMR due to precession of electron spins in the YIG3
ferrite magnetic meta-atom.4
3.3. MCh effect under weak magnetic field5
By combining the Cu chiral meta-atom with the YIG ferrite magnetic meta-atom, and6
applying the dc magnetic field, we can break both space-inversion and time-reversal7
symmetries. This simultaneous breaking leads to emergence of the MCh effects as8
demonstrated in Fig. 13. Figures 13(a)-13(c) show amplitude spectra of S21 (red curves)9
and S12 (blue curves) of the metamolecule under the dc magnetic fields of 0 mT, + 1010
mT, and + 180 mT, respectively. Figures 13(d)-13(f) are corresponding phase spectra.11
At 0 mT, we observe a salient notch at 10.2 GHz and additional weak notch at 7.5 GHz12
in Fig. 13(a). The phase spectra in Fig. 13(d) show weak dispersion-type features at13
these frequencies. These are resonant optical activities due to the Cu chiral meta-atom.14
The signals show a dispersion-type shape in the phase spectra due to the Kramers-15
Kronig relation. The insets in Figs. 13(a) and 13(d) correspond to enlarged spectra at16
the resonant optical activity at approximately 10 GHz. The inset clearly shows that17
S21 and S12 spectra are identical at 0 mT, namely in the presence of the time-reversal18
symmetry.19
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The MCh effect is manifest in the difference of the transmission amplitude and1
phase spectra, i.e., difference between S21 and S12 spectra. Indeed, with the applied2
dc magnetic field of + 10 mT, transmission S21 (red) and S12 (blue) spectra at the3
resonant optical activity are not identical in the inset in Figs. 13(b) and 13(e), whether4
the incident directions of microwaves are parallel or anti-parallel to the dc magnetic5
field. This is an emergence of the MCh effect by the metamolecule. Notably FMR is6
located at a very low frequency of about 1 GHz for + 10 mT. Nevertheless, a finite7
difference between S21 and S12 spectra is observed at the resonant optical activity in8
Figs. 13(b) and 13(e).9
Figures 13(c) and 13(f) show transmission S21 (red) and S12 (blue) spectra with the10
dc field of + 180 mT. We notice in the inset that the difference in the spectra around 1011
GHz increases. Additionally, complicated features due to FMR in the ferrite magnetic12
meta-atom emerge at approximately 8 GHz, which shifts to a higher frequency with a13
further increase in the dc field. The MCh effect manifests itself in a significant difference14
in amplitude and phase spectra between S21 and S12 at the FMR frequency in Fig. 13(c).15
The significant difference due to FMR is investigated in detail in 3.5. Therefore in this16
part, we focus on the MCh effects at the resonant optical activity around 10 GHz.17
Further evidence of the MCh effects by the metamolecule is shown in Fig. 14.18
Plotted are differences in phases [Fig. 14(a)] and amplitudes [Fig. 14(b)] between S2119
and S12 under dc magnetic fields from 0 mT to ±200 mT. In Fig. 14(a), a feature-less20
spectrum is obtained with 0 mT (black line). With + 1 mT, a signal with Lorentz-type21
dispersion due to the MCh effect emerges at a frequency of the resonant optical activity22
around 10 GHz. Interestingly, a very weak magnetic field of + 1 mT is enough to23
induce the MCh effects. The MCh effect around 10 GHz becomes large and shifts with24
an increase in the magnetic field. Differential spectra for the reversed direction of the25
external dc magnetic field (Hext < 0) are also shown in the lower half of Fig. 14. The26
appearance and frequency shift of the MCh effects are very similar to those in Hext > 0,27
while the polarity of MCh effects is flipped with the direction of the magnetic field.28
3.4. Refractive index difference29
In Fig. 15(a), we plotted the phase difference ∆ϕ due to the MCh effect evaluated as30
a half value of the peak-to-peak variation at the resonant optical activity around 1031
GHz in Fig. 14(a), as a function of µ0Hext. In Fig. 15(b), the amplitude difference ∆I32
is also plotted. Orange (green) marks correspond to the MCh effects under Hext > 033
(Hext < 0). The MCh effects appear at 1 mT, rapidly grow with the magnetic field up to34
10 mT, and monotonically increase with the magnetic field. It is reasonable to consider35
that the MO effect is proportional to the effective magnetization of the metamolecule36
[169]. Under the unsaturated regime, the magnetization is a function of the applied dc37
magnetic field. A rapid increase in the MCh effects at a very low magnetic field below38
10 mT is thus caused by the soft magnetic nature of the magnetic meta-atom in the39
metamolecule that was observed in Fig. 11. Given Figs. 11 and 15, we notice that the40
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Figure 14. Differences in (a) phases and (b) amplitudes between S21 and S12 around
10 GHz of the MCh metamolecule under dc magnetic fields from 0 mT to ±200 mT.
Reprinted figure with permission from [44], copyright (2014) by the American Physical
Society.
MCh effects increase as µ0Hext is further increased after the magnetization saturation.1
The increase in the MCh effects after the saturation is likely to be caused by an increase2
in the effective µ in the WR-90 waveguide due to the magnetic resonance, which will be3
discussed in 5.2.4
We evaluate the difference in refractive indices obtained by the MCh effects. The5
phase and amplitude differences in the transmission coefficients, as shown in Fig. 15,6
can be converted to the non-reciprocal differences in the real and imaginary parts of7
refractive indices ∆n′ and ∆n′′, respectively. Given that the one-dimensional structure8
is composed of the single metamolecule inserted in a rectangular waveguide, we describe9
∆n′ and ∆n′′ between forward (S21) and reverse (S12) propagations of unpolarized waves10
as11
∆n = n1→2 − n2→1 = ∆n′ + i∆n′′. (22)12
∆n is a Lorentz-type function of the operational frequency, and is relevant to the phase13
and amplitude of the complex transmission coefficients as follows,14
∆n′ = − c
2πfl
∆ϕ ≃ −47.7× ∆ϕ
fl
, (23)15
∆n′′ = − c
40π(log10 e)fl
∆I ≃ −5.50× ∆I
fl
, (24)16
where ∆ϕ denotes the phase difference ∠S21 − ∠S12 in radian, and ∆I denotes the17
amplitude difference |S21| − |S12| in decibel at the MCh effects. The frequency f is18
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measured in GHz, and l represents the total length of the metamolecule measured in1
millimeters.2
At + 200 mT, Figs. 15(a) and 15(b) show that the maximum values of ∆ϕ and ∆I3
were ∆ϕ ∼− 1.0 degree =− 0.017 radian and ∆I ∼− 0.4 dB. From Eqs. (22)-(24), with4
l = 15 mm and f = 10 GHz, we evaluated ∆n′ ≃ 5.4×10−3 and ∆n′′ ≃ 1.5×10−2 maxima5
as indicated from the right axes of Figs. 15(a) and 15(b). In the present experiment,6
we have succeeded in directory observing the MCh effects thanks to several advantages7
for the MCh metamolecule in microwave regions: the optical activity is enhanced in the8
Cu chiral meta-atom [168], the magnetic response of the ferrite magnetic meta-atom is9
large in microwave regions [145], and the microwave phase and amplitude are directly10
measured using the network analyzer. The manifestation of the real part of the non-11
reciprocal index difference ∆n′ and the monotonic increase with the applied magnetic12
field verifies the MCh effect. The values of ∆n′ and ∆n′′ of the single metamolecule13
are not yet considerably large. However, by using resonances in the meta-atoms, much14
larger MCh effects are expected as observed in the next subsection.15
3.5. MCh effect under strong magnetic field16
Previously we observed MCh effects for theX-band microwaves by a single metamolecule17
under weak dc magnetic fields below 200 mT. However, interaction of the chiral18
resonance by the Cu chiral meta-atom with FMR by the ferrite magnetic meta-atom19
remains to be addressed. By applying strong magnetic fields up to 400 mT, the magnetic20
meta-atom FMR frequency approaches the chiral resonance frequencies. This motivates21
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Figure 16. Transmission S21 (red curves) and S12 (blue curves) amplitude spectra (a)-
(d) and phase spectra (e)-(h) of single MCh metamolecule under external dc magnetic
fields of 0 mT [(a) and (e)], + 201 mT [(b) and (f)], + 260 mT [(c) and (g)], and +
400 mT [(d) and (h)]. Insets illustrate enlarged spectra for S21 (red) and S12 (blue)
of chiral resonance originally appeared at 9.1 GHz. Reprinted figure with permission
from [45], copyright (2017) by the American Physical Society.
a further enhancement of the MCh effects.1
Figures 16(a)-16(d) illustrate transmission amplitude spectra for S21 (red curves)2
and S12 (blue curves) of the metamolecule at various magnetic fields. Figures 16(e)-3
16(h) are corresponding phase spectra. Note that a YIG ferrite cylinder with diameter4
and length of 2 mm and 15 mm, respectively, was utilized as a magnetic meta-atom5
in the measurements. In Fig. 16(a), when µ0Hext = 0 mT, we observe salient dips6
at 9.1, 12.2, and 13.4 GHz. Additional small dip is observed at 12.6 GHz. The dips7
are traced back to chiral resonances corresponding to enhanced optical activities due8
to resonance in the chiral meta-atom. The inset shows enlarged spectra for S21 (red)9
and S12 (blue) at the chiral resonance at approximately 9 GHz. When µ0Hext = 0 mT,10
the S21 spectrum is identical with the S12 spectrum at the chiral resonance frequency.11
Phase spectra exhibit dispersion-type signals at the chiral resonance when µ0Hext = 012
mT although they are too weak to be observed in Fig. 16(e). The inset corresponds to13
the enlarged phase spectra for S21 (red) and S12 (blue) around 9.1 GHz. The S21 and14
S12 phase spectra are identical when µ0Hext = 0 mT as well as amplitude spectra.15
When applying µ0Hext of + 201 mT [Fig. 16(b)], an appearance of another large16
dip is seen at 8.5 GHz. The dispersion-type signal is exhibited in corresponding phase17
spectra [Fig. 16(f)]. The signals are shifted to higher frequencies as µ0Hext is increased.18
CONTENTS 32
In this way, the signals are traced back to FMR in the ferrite magnetic meta-atom. In1
Fig. 16(b), S21 (red) and S12 (blue) highlight a difference at FMR; the blue dip is much2
deeper than the red one, indicating the MCh effect due to FMR. Notably, the MCh3
effect can be obtained by FMR even in the absence of the chiral resonance since the4
space-inversion symmetry of the system is broken.5
The appearance of FMR is accompanied by slight shifts of the chiral resonances.6
Moreover, as shown in the insets in Figs. 16(b) and 16(f), S21 and S12 spectra at the7
chiral resonance at approximately 9 GHz are not identical due to MCh effects. In Fig.8
16(b), the dips in S21 (red) at signals at approximately 9 GHz is deeper than those in9
S12 (blue).10
When µ0Hext is further increased up to + 260 mT as shown in Figs. 16(c) and 16(g),11
FMR moves to approximately 10 GHz and overtakes the chiral resonance originally12
at 9.1 GHz. Notably in the inset of Fig. 16(c), the chiral resonance appears at a13
lower frequency approximately 8.1 GHz after being passed by FMR. Interestingly, as14
demonstrated in the inset, dip in S12 (blue) is deeper than that in S21 (red), indicating15
that the MCh effect at the chiral resonance flips the polarity.16
As µ0Hext is increased up to + 400 mT as shown in Figs. 16(d) and 16(h), FMR17
shifts to a higher frequency at approximately 13 GHz and demonstrates very large MCh18
effect. After overtaking by FMR, the chiral resonance originally at 12.2 GHz is shifted19
to a lower frequency of 11.2 GHz. The chiral resonance at a lower frequency moves to20
a higher frequency of 8.7 GHz, which is close to the initial frequency of the signal.21
Figure 17 demonstrates differences between S21 and S12, i.e., MCh signals in phases22
at various magnetic fields from 0 mT to ±400 mT. Figure 18 shows corresponding23
amplitude difference spectra. A feature-less spectrum is obtained with µ0Hext = 0 mT24
(a black line). The upper halves of Figs. 17 and 18 highlight signals due to MCh effects25
with µ0Hext > 0. When µ0Hext = + 11 mT in Fig. 17, a weak dispersion-type signal due26
to the chiral resonance emerged at 8.9 GHz. A dip is observed at the same frequency27
in Fig. 18. An increase in µ0Hext leads to a blue shift of the MCh signal at the chiral28
resonances.29
When µ0Hext = + 201 mT, the MCh effect due to FMR appears at approximately30
8.5 GHz in Figs. 17 and 18. As µ0Hext is increased, the signal shifts to higher frequencies31
and becomes larger. Under µ0Hext = + 250 mT, FMR is overlapped with the chiral32
resonance, causing a disappearance in the chiral resonance. At µ0Hext = + 280 mT, a33
signal is observed at approximately 8.3 GHz, a slightly lower frequency below 9 GHz.34
The signal polarity of the MCh effect due to the chiral resonance is inverted. The35
MCh signal due to the other chiral resonance shows a very similar behavior. These36
results indicate that, after being passed by FMR, the chiral resonance jumps to a lower37
frequency and the polarity of the MCh effect at the chiral resonance frequencies is38
inverted. The MCh signals due to FMR in Figs. 17 and 18 become significantly large39
at + 400 mT.40
Differential spectra for the reversed direction of the external dc magnetic field41
(µ0Hext < 0) are also illustrated in the lower halves of Figs. 17 and 18. While the42
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Figure 17. Differences in phase between S21 and S12 from 8 GHz to 14 GHz of MCh
metamolecule under dc magnetic fields from 0 mT to ±400 mT. Reprinted figure with
permission from [45], copyright (2017) by the American Physical Society.
appearance and frequency shift of MCh signals are very similar to those in µ0Hext > 0,1
the polarity is flipped with the direction of the magnetic field. Figures 17 and 182
demonstrate that the signals at FMR and chiral resonances are odd with respect to3
µ0Hext.4
The MCh effect due to FMR brings about the maximum values of phase and5
amplitude differences as 20.8 degree and 9.11 dB, respectively, experimentally observed6
at approximately 13 GHz under µ0Hext = + 400 mT . In the present experiments, from7
Eqs. (22)-(24) with l = 15 mm and f = 13 GHz, we evaluated ∆n′ ≃ −8.9× 10−2 and8
∆n′′ ≃ −2.6× 10−1 maxima at µ0Hext = + 400 mT. The previous subsection reported9
that ∆n′ ≃ 5.4 × 10−3 and ∆n′′ ≃ 1.5 × 10−2 maxima at µ0Hext = + 200 mT in the10
MCh effect by the chiral resonances under lower dc magnetic fields. Thus the MCh effect11
enhanced by FMR is one order magnitude greater than that by the chiral resonances.12
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Figure 18. Differences in amplitude between S21 and S12 from 8 GHz to 14 GHz of
MCh metamolecule under dc magnetic fields from 0 mT to ±400 mT. Reprinted figure
with permission from [45], copyright (2017) by the American Physical Society.
4. Numerical calculation1
In this section 4, we conduct numerical simulation to reproduce the experimental results.2
External magnetic fields and direction dependence is investigated numerically in 4.2.3
Furthermore, MCh signals at a much higher magnetic field are addressed. Subsection4
4.3 is devoted to studies for chirality dependence of the MCh signals.5
4.1. Numerical setup6
We performed numerical calculations based on a finite element method by a7
commercial software (COMSOL MULTIPHYSICS). Figure 19 illustrates the calculation8
configuration. The metamolecule is placed at the center of a WR-90 waveguide filled9
with air. The structural parameters of the metamolecule and the waveguide are identical10
to those in the experiments. The surfaces of the chiral meta-atom and the waveguide11
are set to be perfect electric conductors. Both ports of the waveguide are terminated12
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Figure 19. Setup for numerical calculation. Metamolecule is put at the center of
WR-90 waveguide. The waveguide is terminated with perfectly matched layers.
with perfectly matched layers.1
We implemented the material parameters for the ferrite cylinder as follows. The2
ε of the ferrite is set to 14.5 + 0.0029i [170]. When an external dc magnetic field is3
applied in the +z-direction, the ferrite with µ̂ is magnetized in the +z-direction as Eq.4
(4), where5
κ = iχmxy, (25)
µxx = µyy = µ = 1 + χ
m
xx, (26)
µzz = µ0. (27)
On the off-diagonal component, κ is proportional to the external magnetic field and6
gives the MO activities such as the Faraday effect.7
The magnetic susceptibility tensor χm is given by8
χmxx =
ω0ωm (ω
2
0 − ω2) + ω0ωmω2α2
[ω20 − ω2(1 + α2)]2 + 4ω20ω2α2
+ i
αωωm[ω
2
0 + ω
2(1 + α2)]
[ω20 − ω2(1 + α2)]2 + 4ω20ω2α2
,(28)
χmxy =
2ω0ωmω
2α
[ω20 − ω2(1 + α2)]2 + 4ω20ω2α2
− i ωωm[ω
2
0 − ω2(1 + α2)]
[ω20 − ω2(1 + α2)]2 + 4ω20ω2α2
,(29)
where ω0 = γµ0Hext, ωm = γµ0Ms, and α = γµ0∆H/(2ω). Here, ω0 is the Larmor9
frequency at µ0Hext. The Larmor frequency at the saturation magnetization Ms is ωm.10
The loss factor, or the Gilbert damping factor, of the ferrite is α, and the corresponding11
line width is ∆H. The gyromagnetic ratio of the electron is γ. Note that we used the12
specific parameters for the ferrite from the literature [170]; the material parameters of13
the ferrite used in our numerical calculation are not the same as those in the experiment.14
The difference in the parameters between the experiment and the numerical calculation15
influences the resonance frequencies. However, it does not affect the physics behind the16
phenomena. Under these conditions, we calculated transmission coefficients, S21 and17
S12, of microwaves with TE10 mode.18
4.2. External magnetic field strength and direction dependence19
Figure 20(a) shows the calculated differential spectra in phase between S21 and S12 of20
the MCh metamolecule under various µ0Hext. Figure 20(b) shows the corresponding21
amplitude spectra. The µ0Hext was varied from + 100 mT to + 600 mT with steps of22
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Figure 20. Differences between S21 and S12 in calculated (a) phase and (b) amplitude
spectra for MCh metamolecule in range from 8 GHz to 15 GHz under dc magnetic fields
from + 100 to + 600 mT. Reprinted figure with permission from [45], copyright (2017)
by the American Physical Society.
20 mT. The chirality of the chiral meta-atom is set to be right-handed, which is the1
same as the experiments. While we show spectra only with µ0Hext > 0 in Fig. 20, flip2
in magnetic field direction (µ0Hext < 0) causes the polarity reversal in the spectra very3
similar to the experimental results in Figs. 17 and 18.4
The spectra in Figs. 20(a) and (b) highlight three features. The first feature is an5
MCh signal with broad linewidth, for example, at approximately 9 GHz with µ0Hext =6
+ 300 mT, due to FMR of the ferrite meta-atom in the metamolecule. This signal shifts7
to a higher frequency and becomes larger as µ0Hext is increased.8
The second is MCh signals with narrow linewidth at approximately 10.6 and9
13.7 GHz when µ0Hext = + 100 mT, which are due to the chiral resonances in the10
metamolecule. As µ0Hext is increased and FMR of the ferrite magnetic meta-atom11
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approaches to the chiral resonance, the signals due to chiral resonances slightly shift to1
higher frequencies. The MCh signals flip the polarity after being passed by FMR. These2
two features are very similar to those observed in the experiment [Figs. 17 and 18].3
The last feature is an MCh signal with narrow linewidth at approximately 14.54
GHz in Fig. 20. This signal is associated with the chiral resonance. The behavior5
of the signal is, however, quite different from those of other chiral resonances at lower6
frequencies. The signal does not shift to a higher frequency as µ0Hext is increased. More7
importantly, the MCh signal is strongly enhanced as FMR approaches under µ0Hext =8
+ 500 mT. Notably, this signal is not observed in the experiment [Figs. 17 and 18] and9
predicted first by the numerical simulation.10
In order to investigate the strong enhancement of the MCh signal in more detail,11
we carried out numerical calculations with varying µ0Hext in the vicinity of + 500 mT.12
Figure 21(a) shows the calculated phase difference of S21 and S12 as µ0Hext is varied13
from + 495 to + 510 mT with steps of 5 mT. Figure 21(b) shows the corresponding14
amplitude spectra. The non-reciprocity signal is extremely enhanced with µ0Hext of +15
505 mT. Additionally, in Fig. 21(b), the symmetric dispersive shape of the signal under16
495 mT transforms to the asymmetric peak shape under + 505 mT. Figures 21(a) and17
21(b) demonstrate that, when µ0Hext = + 505 mT, the phase and amplitude differences18
at 14.446 GHz are evaluated to be 166.8 degree and 48.26 dB, respectively. These values19
correspond to ∆n′ ≃ −6.6× 10−1 and ∆n′′ ≃ 1.26.20
In order to show the external magnetic field dependence of the spectra more clearly,21
we illustrate the pseudo color plot for the calculated differences in phase spectra between22
S21 and S12. In Fig. 22, the pseudo color plot of log[| arg(S21) − arg(S12)|] is shown in23
order to make weak chiral resonances more visible. The vertical axis is the frequency in24
the range from 8 to 15 GHz, whereas the horizontal axis is µ0Hext from + 100 to + 60025
mT. We find three chiral resonances at 10.6, 13.7, and 14.5 GHz together with FMR,26
of which the frequency depends linearly on µ0Hext. The pseudo color plot demonstrates27
that the chiral resonances have anti-crossing features in the vicinity of FMR of the28
ferrite magnetic meta-atom. The anti-crossing nature of the chiral resonances initially29
at 10.6 and 13.7 GHz is caused by the hybridization with FMR [171]. Contrastingly, the30
pseudo color plot in Fig. 22 highlights that the chiral resonance at approximately 14.531
GHz is independent of µ0Hext and does not show an anti-crossing feature. The origin of32
the giant MCh effect is addressed using the eigenmode analysis in 5.3.33
4.3. Chirality dependence34
We investigate the chirality dependence of the MCh signals numerically, since it is35
difficult to prepare enantiometric chiral meta-atoms reproducibly and precisely in36
experiments. In the calculation, the metamolecule chirality was switched by changing37
the chirality of the chiral meta-atom. Figure 23(a) illustrates the amplitude difference38
spectra between S21 and S12 of the metamolecule with the right-handed chiral meta-39
atom, while Fig. 23(b) illustrates those of the metamolecule with the left-handed chiral40
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Figure 21. Calculated differential spectra between S12 and S21 of (a) phase and (b)
amplitude in vicinity of µ0Hext = + 500 mT. The µ0Hext is varied from + 495 to
+ 510 mT with steps of 5 mT. Reprinted figure with permission from [45], copyright
(2017) by the American Physical Society.
meta-atom. In these figures, µ0Hext is increased from + 100 to + 600 mT with steps1
of 50 mT. Figures 23(a) and 23(b) show that the sign of the MCh response at the2
chiral resonance frequency of 10.6 GHz flips its polarity depending on the meta-atom’s3
chirality. Furthermore, the MCh signal polarity due to FMR, e.g., at 10.5 GHz under4
µ0Hext = + 350 mT, also depends on the chirality. The polarity of phase differential5
spectra also flips depending on the chirality of the chiral meta-atom (not shown here).6
Through this calculation, we confirmed that the MCh signal was odd with respect7
to the chirality. The signal is also odd with respect to the external magnetic field.8
Furthermore, neither only chiral meta-atom nor magnetic meta-atom exhibited MCh9
signals in the numerical calculation although not shown here. We also confirmed in10
the numerical calculation that µ̂ without the off-diagonal parts (i.e., κ = 0) of the11
metamolecule resulted in an absence of the MCh signals. These chirality and magnetic12
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Figure 22. Pseudo color plot for difference between S21 and S12 in calculated phase
in range from 8 GHz to 15 GHz. The µ0Hext is varied from + 100 to + 600 mT.
Reprinted figure with permission from [45], copyright (2017) by the American Physical
Society.
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Figure 23. Differences between S21 and S12 in calculated amplitude spectra in range
from 9 GHz to 12 GHz of (a) right- and (b) left-handed MCh metamolecules. The
µ0Hext is varied from + 100 to + 600 mT with steps of 50 mT. Reprinted figure with
permission from [45], copyright (2017) by the American Physical Society.
field direction dependence is consistent with the fact that the MCh signal originates1
from the product of ξ and κ.2
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5. Enhanced and giant MCh effects1
In this section 5, eigenmodes of the MCh signals observed in experiments and simulations2
are investigated. We study eigenmodes without a coupling of FMR and chiral resonances3
in 5.1, eigemodes of the enhanced MCh effects in 5.2, and the giant MCh effects in 5.3.4
By visualizing the electromagnetic fields, an insight into the physics underlying the5
interplay between magnetism and chirality can be gained for the enhanced and giant6
MCh effects by the metamolecule. Subsection 5.4 describes possible fine tuning of the7
giant MCh effects.8
5.1. Eigenmode without coupling of FMR and chiral resonances9
Let us start with eigenmodes without coupling of FMR and chiral resonances. The10
eigenmodes are numerically calculated using the eigenmode solver of the COMSOL11
MULTIPHYSICS. Figures 24(a)-(c) illustrate electric field distributions calculated at12
10.6, 13.7, and 14.5 GHz under µ0Hext = + 100 mT, respectively. The cones and13
pseudo-color plots represent the electric field vectors and intensities, respectively. Since14
FMR by the magnetic meta-atom is far below the chiral resonance frequency at µ0Hext =15
+ 100 mT, there is no coupling of FMR and chiral resonance.16
The electric field at chiral resonance around 10.6 GHz in Fig. 24(a) exhibits17
spatially symmetric distribution with respect to the center of the metamolecule. By18
contrast, the electric field at the chiral resonance around 13.7 GHz is antisymmetric as19
illustrated in Fig. 24(b). This difference in the spatial symmetry is caused by the charge20
distributions as schematically illustrated in the insets. Under these field distributions,21
the chiral resonances exhibit anti-crossing behaviors in the vicinity of FMR of the ferrite22
meta-atom. In addition to the spatial mode patterns, we characterize those modes by a23
quality (Q) factor. The Q factors of the modes at 10.6 and 13.7 GHz are evaluated to24
be 1578 and 213, respectively. The chiral resonance at 14.5 GHz that does not exhibit25
anti-crossing shows, however, completely different electric field distributions as shown26
in Fig. 24(c).27
Figures 24(c) and 24(d) depict the electric fields at the chiral resonance at 14.528
GHz in the y-z and z-x planes, respectively. Figure 24(c) demonstrates that the electric29
fields are excluded from the metamolecule. The electric field exclusion is more clearly30
seen in the field distribution in the z-x plane as highlighted in Fig. 24(d). The inset in31
Fig. 24(d) highlights the electric charge distribution pattern corresponding to the field32
distribution. Because the electric fields induced by the surface charge (green arrows)33
are antiphase to the applied electric fields by microwave (purple arrows), the electric34
fields in the metamolecule are canceled out. This is the reason why the electric fields35
are excluded from the metamolecule at the chiral resonance around 14.5 GHz. The Q36
factor of this mode is evaluated to be 1773, which is the highest Q factor among the37
three chiral resonances. The mode characteristics are summarized in Table 1.38
Since the exclusive chiral resonance at 14.5 GHz is quite different from the other39
modes, we conducted a further numerical investigation. The WR-90 waveguide was40
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E field (V/m) 
at 10.6 GHz
E field (V/m) 
at 13.7 GHz
E field (V/m) in the y-z plane
at 14.5 GHz
E field (V/m)in the z-x plane
at 14.5 GHz
Figure 24. Electric field distributions of three chiral resonances under + 100 mT.
Resonance frequencies are 10.6 (a), 13.7 (b), and 14.5 GHz [(c) and (d)], respectively.
Cones and pseudo-color plots indicate electric field vectors and intensities, respectively.
Vector fields in y-z plane are illustrated in (a)-(c), whereas those in z-x plane are
illustrated in (d). Insets illustrate electric charge distributions. Purple arrows in (d)
are applied electric fields on metamolecule, whereas green arrows are electric fields
induced by charge distribution by electric charge on chiral meta-atom. Reprinted
figure with permission from [45], copyright (2017) by the American Physical Society.
Table 1. Characteristics of three chiral resonances.
Frequency 10.6 GHz 13.7 GHz 14.5 GHz
Spatial mode Anti-symmetric Symmetric Exclusive
Q factor 1,578 213 1,773
removed and the boundary was set to be free space. Under this situation, we were not1
able to find this exclusive chiral resonance while we found other chiral modes. This2
result indicates that the exclusive chiral resonance is characteristic to the metamolecule3
in the WR-90 waveguide.4
5.2. Eigenmode of enhanced MCh effect5
Experimental and numerical results demonstrate that the MCh effects are enhanced at6
chiral resonance frequencies and FMR frequency. The MCh signals due to the chiral7
resonance except for the exclusive chiral resonance begin to shift to higher frequencies8
as FMR approaches. After being passed by FMR, the MCh signals revive at lower9
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Figure 25. Intensity of magnetization (pseudo color) and vector field of surface current
density (cones) in vicinity of FMR of ferrite magnetic meta-atom at (a, b) 14 GHz under
+ 400 mT and (c) 13.15 GHz under + 500 mT. (d): Enlarged spectra of Fig. 20(b).
Length of cone is proportional to an amplitude of surface current density.
frequencies with an opposite polarity. The shift is explained by the effective µ in the1
WR-90 waveguide, which is described by µ± κ. Besides µ− κ, µ+ κ has a singularity2
as a function of µ0Hext. As µ0Hext is increased below the singularity, the positive µ+ κ3
increases, bringing about a shift in the chiral resonance frequency to a higher frequency.4
Above the singularity, µ + κ becomes negative and increases with µ0Hext, leading to5
the significant red-shift of the chiral resonance frequency. With a further increase in6
µ0Hext, the chiral resonance moves to a higher frequency and arrives at the initial chiral7
resonance frequency.8
The polarity reversal after being passed by FMR is further evidence of the MCh9
effect, which is proportional to the product of ξ and κ. The κ flips its sign in the vicinity10
of FMR of the ferrite magnetic meta-atom. Following the sign inversion, the MCh signal11
polarity is reversed. In order to elaborate the physics underlying the sign reversal, the12
eigenmode is calculated in the vicinity of FMR of the ferrite magnetic meta-atom as13
shown in Fig. 25. In Fig. 25, the pseudo color indicates strength of the magnetization,14
whereas the cones show the surface current density flowing on the chiral meta-atom.15
Figures 25(a) and 25(b) correspond to the enhanced MCh effect before being passed16
by FMR. The field intensity of the magnetization becomes maximum when the current17
density responsible for the chiral resonance is minimum as in Fig. 25(a), and vice versa18
as in Fig. 25(b). Namely, the chiral resonances are out-of-phase before being passed19
by FMR ‡. On the other hand, Fig. 25(c), corresponding to the enhanced MCh effect20
‡ See supplementary data (Figs. S1 and S2) at http://iopscience.iop.org/article/ for animation of
the enhanced MCh effects. Figures S1 and S2 correspond to animations of Figs. 25(b) and 25(c),
respectively.
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after being passed by FMR, shows that both the magnetization and current density are1
on resonance, indicating that these resonances are in-phase. These calculation results2
demonstrate that the chiral resonance splits into two modes in the vicinity of FMR: one3
is the in-phase mode of the magnetic and chiral resonances, and the other is the out-4
of-phase one. These modes have different eigen-energies and exhibit a splitting feature5
in the spectra [see Fig. 25(d)]. Due to the hybridization of the resonances, the FMR6
and chiral resonances are simultaneously excited, leading to the enhancement of the7
MCh effects. Polarity inversion of these MCh signals is elucidated from the phase of8
the modes. There is a phase difference between the magnetic and chiral resonances9
before being passed by FMR, whereas there is no difference after begin passed by FMR.10
The phase difference gives rise to the reversal of Poynting vector flow compared with11
the resonance after being passed by FMR, causing the polarity inversion. In this way,12
the enhanced MCh effects originate from the hybridization of the magnetic and chiral13
resonances.14
5.3. Eigenmode of giant MCh effect15
Let us focus on the eigenmodes of the giant MCh effects. We calculated the field16
distribution of magnetization and surface current density responsible for the giant17
MCh effect. In Fig. 26, the pseudo color and magenta cones indicate respectively18
magnetization intensity and field distribution of surface current density. An incident19
microwave with k⃗ propagates from port 1 to port 2, i.e., S21, in Fig. 26(a), whereas that20
from port 2 to port 1, i.e., S12, in Fig. 26(b). Figures 26(a) and 26(b) show that the21
FMR and chiral resonances are simultaneously excited. While this is a common feature,22
a significant difference in the strength of the resonance is found between Figs. 26(a)23
and 26(b).24
When excited from port 1, the FMR and chiral resonances destructively interfere,25
which brings about weak resonances in the metamolecule §. In particular, the chiral26
resonance is quite weak due to the the interference. On the other hand, when excited27
from port 2, those two resonances constructively interfere, leading to strong resonances28
in the metamolecule. The field distributions of these modes are different from those29
of enhanced MCh effects. This difference is attributed to the Q factor, which is a key30
parameter on the interaction between two modes. The Q factor of the exclusive chiral31
resonance that is responsible for the giant MCh effect, has the highest value among the32
three chiral resonances. Owing to the high Q factor, the interaction strength between33
chiral resonance and magnetic resonance is different from that of the enhanced MCh34
effect. In this way, the giant MCh effect exhibits the Fano-like resonance while the35
enhanced MCh effect shows the mode splitting.36
The non-reciprocal Fano-like resonance in spectra is numerically confirmed. In Fig.37
27, the calculated amplitude spectra for S21 and S12 under µ0Hext = + 505 mT are38
§ See supplementary data (Figs. S3 and S4) at http://iopscience.iop.org/article/ for animation of the
giant MCh effects. Figures S3 and S4 correspond to animations of Figs. 26(a) and 26(b), respectively.
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New Figure 26
(a)
(b)
[A/m]
[A/m]
Figure 26. Magnetization intensity (pseudo color) and surface current density (cones)
distributions at 14.446 GHz under µ0Hext = + 505 mT. Incident waves in (a) and (b)
are from ports 1 and 2, respectively.
drawn by red and blue solid curves, respectively. A green dashed curve corresponds to1
the calculated amplitude spectrum for S21 with only magnetic meta-atom as a control.2
The green dashed curve has a broad dip at approximately 14.6 GHz, which is caused by3
FMR of the ferrite meta-atom. In the vicinity of FMR, there is the exclusive chiral4
resonance at 14.5 GHz indicated by a vertical black dashed line. The interaction5
between the magnetic and chiral resonance brings about the Fano-resonance feature6
in the amplitude spectra, which is found in the sharp dip in the S12 spectrum (blue).7
On the other hand, we can find a quite weak chiral resonance on the S21 spectrum (red)8
due to the destructive interference.9
The interference can be interpreted as an electromagnetic induction modulated by10
the MO effect. The magnetic meta-atom gives rise to the magnetization described as11
M⃗ = χmxxH⃗ + iκ⃗× H⃗, where the second term represents the MO effect. In the presence12
of the magnetization M⃗ , the MO effect modulates the magnetic flux density B⃗ as,13
B⃗ = µH⃗ + iκ⃗ × H⃗. As a result, the magnetic flux Φ through the chiral meta-atom is14
affected by the MO effect: Φ = B⃗ · S⃗ = (µH⃗ + iκ⃗× H⃗) · S⃗, where S⃗ is the cross section15
of the chiral meta-atom for induction. Since this flux modulated by the MO effects16
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Figure 27. Calculated amplitude spectra for S21 (red) and S12 (blue) of MCh
metamolecule between 13 and 15 GHz under µ0Hext = + 505 mT. Amplitude spectrum
of S21 calculated only with magnetic meta-atom is plotted also by a green dashed curve
as reference. Third chiral resonance frequency is indicated by a vertical black dashed
line. Reprinted figure with permission from [45], copyright (2017) by the American
Physical Society.
causes the optical activity, the MCh effects with non-reciprocal directional birefringence1
are significantly enhanced by the Fano-like interference between chiral resonance and2
magnetic resonance. An opposite process also brings about the same result. The chiral3
meta-atom induces a magnetic flux density in the magnetic meta-atom. In the presence4
of the chirality-induced magnetic flux, the magnetization precession is modulated,5
leading to the MCh effects. Through these coupling processes, the interference between6
the magnetic and chiral resonances causes strong Fano interference when excited from7
port 2, whereas that from port 1 causes quite weak one. This non-reciprocity in the8
interference leads to the large amplitude difference. In other words, the metamolecule9
strongly absorbs the incident microwaves when excited from port 2, whereas it is almost10
transparent to the incident microwaves when excited from port 1. Namely, one-way11
transparency is realized in the MCh metamolecule.12
Very similar phenomena have been reported in natural materials at low temperature13
and/or under very strong magnetic field: in chiral-lattice magnet Cu2OSeO3 for14
microwaves [21, 56] and multiferroic CuB2O4 for near-infrared light [34]. In the15
multiferroic materials, the one-way transparency is traced back to the interference16
between the E1 and M1 transitions under the condition that the two transitions have17
nearly the same amplitude. Similarly the interaction between FMR and chiral resonance18
gives rise to the one-way transparency in the MCh metamolecule. Following the large19
amplitude difference caused by the one-way transparency, the phase difference between20
S21 and S12 becomes larger due to the Kramers-Kronig relation. We conclude that the21
giant MCh effect observed in the present study originates from the one-way transparency22
caused by the non-reciprocal Fano interference in the metamolecule.23
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Figure 28. Differential spectra between S21 and S12 in amplitudes of MCh
metamolecule under µ0Hext of + 505 mT at various φ. The inset shows definition
of the angle φ.
5.4. Fine tuning of giant MCh effect1
The giant MCh effect originates from the non-reciprocal Fano interference. The Fano2
resonance consists of FMR with a low Q factor, which leads to a direct coupling of the3
mode to the electromagnetic wave (so-called bright mode), and the chiral resonance with4
a high Q factor (dark mode). Because of the high Q factor, metamolecule microwave5
response is quite sensitive to a variation in structure parameters. In this subsection,6
we examine a possible fine tuning of the giant MCh effect by changing the structure7
parameters, for example, chiral meta-atom rotation (5.4.1), and magnetic meta-atom8
position and length (5.4.2).9
5.4.1. Rotation dependence of chiral meta-atom The chiral meta-atom has a rotation10
degree of freedom around the z-axis. As depicted in the inset of Fig. 28, the angle φ11
is defined as an angle between the horizontal direction and the starting point of the12
chiral structure. In the numerical calculations so far, φ was fixed to be 0◦. However, we13
consider here the variation in φ and numerically investigate how the giant MCh effect14
depends on φ. Figure 28 shows the differential spectra in amplitudes between S21 and15
S12 of the metamolecule under µ0Hext of + 505 mT at φ of 0
◦, 45◦, and 90◦. The giant16
MCh signal amplitude decreases with an increase in θ. The interaction strength between17
the chiral and magnetic meta-atoms varies with the rotation of the chiral meta-atom.18
This variation affects the Fano resonance responsible for the giant MCh effect. The19
decrease in signal is caused by the de-tuning to the Fano resonance.20
5.4.2. Position and length dependence of magnetic meta-atom While we placed the21
magnetic meta-atom just at the center of the chiral meta-atom so far, we investigate22
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Figure 29. Definition of the ferrite rod position (a) and length (c). Position (b) and
length (d) dependence of differential amplitude spectra.
here the position dependence of the magnetic meta-atom on the giant MCh effect. Figure1
29(a) illustrates that the magnetic meta-atom is moved to the z direction. The position2
shift ∆z was changed from − 1.5 mm to + 1.5 mm with steps of 0.75 mm. The signal3
amplitude differences calculated under + 505 mT are shown in Fig. 29(b). The giant4
MCh signals exhibited symmetric response to the shift along the z direction owing to5
the symmetry in the z direction. The MCh signal becomes maximum when the position6
shift is ± 0.75 mm. This maximum point is the consequence of the fine tuning of the7
position to the Fano resonance. The maximum amplitude difference was 60.8684 dB,8
which is the largest MCh signal among those of our previous reports.9
We also changed the magnetic meta-atom length as shown in Fig. 29(c) while10
keeping the position at the center. Figure 29(d) shows that the giant MCh signal is11
quite sensitive to the magnetic meta-atom length. When the magnetic meta-atom is12
short and embedded in the chiral meta-atom (h = 5 and 10 mm), the MCh signals are13
quite weak and have no explicit peak structure. This is caused by the fact that the chiral14
meta-atom with the exclusive resonance screens the incident microwave and decreases15
the coupling with the magnetic meta-atom. With increase of the length of the magnetic16
meta-atom (h = 12.5, 15, 17.5, and 20 mm), the metamolecule begins to exhibit the Fano17
resonance feature. However, only the case that h = 15 mm exhibits the giant MCh effect,18
indicating that the Fano resonance was fine-tuned in the previous numerical simulation.19
When the magnetic meta-atom length is 25 mm, the MCh spectrum has a sharp peak20
around 14.42 GHz, indicating the Fano resonance is fine tuned. However, the strength21
is much weaker than that of 15 mm. Through the calculations, we revealed that precise22
position control of the meta-atoms is important in realization of the giant MCh effect.23
In particular, we found that a further enhancement of the giant MCh effect can be24
achieved by the fine-tuning of the magnetic meta-atom position along the z direction.25
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6. Miniaturization of MCh metamolecule1
Since the metamolecule operational frequency scales with size, miniaturization is2
required for the directional birefringence realization at higher frequencies, for example,3
millimeter waves and THz waves. Nevertheless, owing to their 3D structures,4
micrometer-sized MCh metamolecules are difficult to prepare using only standard5
micro-processing with photolithography and etching. In this section, miniaturization6
of MCh metamolecules is demonstrated. We show in 6.1 that strain-driven self-7
coiling is a powerful technique for preparing 3D MCh metamolecules. The single8
Py metamolecule is studied using cavity (6.2) and coplanar waveguide (CPW) FMR9
(6.3), leading to the evaluations of metamolecule’s g-factor, effective magnetization,10
and Gilbert damping in 6.4. Finally, subsection 6.5 details magnetization configuration11
in the metamolecule, which is essential information for obtaining MCh effects by the12
miniaturized metamolecules.13
6.1. Strain-driven self-coiling technique14
Micrometer-sized and free-standing Py MCh metamolecules were fabricated using the15
strain-driven self-coiling technique [172, 173, 174, 175, 176, 177, 178, 179, 180, 181, 182].16
The fabrication processes and sample cross-sections are illustrated in Figs. 30(a)-30(d).17
SU8 3005 photoresist (Nippon Kayaku) of 5 µm thickness was spin-coated on a Si18
substrate. Inverse s-shaped strips were patterned on the resist using photolithography19
[Fig. 30(a)]. The strip length was 1.1 mm and the strip width was 9 µm. Py was20
deposited on the sample using a magnetron sputtering technique with an argon gas21
pressure of 4.2 × 10−3 Torr [Fig. 30(b)]. The Py deposition rate was 0.1 nm/s as22
calibrated by X-ray reflectometer. The Py layer thickness was 60 nm. By dipping the23
sample into N-methyl-2-pyrrolidone (NMP), the strips coiled spontaneously, leading to24
the formation of free-standing Py MCh metamolecules [Fig. 30(c)]. The free-standing25
metamolecules were transferred to another Si substrate using tweezers and fixed by26
grease [Fig. 30(d)].27
Figure 30(e) shows an optical microscopic image of the metamolecule fixed by grease28
on the Si substrate after transfer. As in Fig. 30(e), the strip coils up six times, and the29
metamolecule length and diameter are about 50 µm. The coiling direction is clockwise,30
indicating that the strip coils up toward the outside of the curvature as we previously31
reported [46]. We have succeeded in controlling the coiling direction using s-shape or32
inversed s-shape. Additionally, the Py thin films are supported by the rigid SU8 resist33
strips having 5 µm in thickness so that a procedure to preserve the micro structures (e.g.,34
critical point drying) is unnecessary. Py volume in the single metamolecule is calculated35
at approximately 6.1 × 10−16 m3. Magnetization curves of the metamolecules obtained36
by alternating gradient magnetometer with external magnetic field parallel to the chiral37
axis shows spontaneous magnetization with a small coercivity. Saturation magnetization38
is approximately 850 mT, which is slightly smaller than the saturation magnetization of39
metallic Py thin film (1.05 T) given in the literature [183]. These results indicate that40
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Figure 30. (a)-(d) Fabrication procedures of Py MCh metamolecule using strain-
driven self-coiling technique. (e) Optical microscopic image of single metamolecule
fixed by grease on silicon substrate. Reprinted figure with permission from [47],
copyright (2016) by the American Physical Society.
the metamolecules retain the soft magnetic nature of metallic Py.1
6.2. Cavity ferromagnetic resonance (FMR)2
A single Py metamolecule transferred to the Si substrate was studied by the angle-3
resolved FMR with varying applied Hext direction. The chiral axis was set to be4
perpendicular to the substrate plane. Angle-resolved FMR of the metamolecule in a5
TE011 cavity for theX-band microwave of 9.8 GHz was carried out using an electron spin6
resonance (ESR) spectrometer (JEOL JES-FA100N) equipped with an electromagnet7
for Hext. The inset of Fig. 31 depicts the Hext configuration in the measurement. The8
Hext angle (θH) was varied in the x-z plane. The measurements were carried out at9
room temperature.10
Figure 31 illustrates angle-resolved FMR spectra of the single Py metamolecule in11
the cavity. The angle increments were 15◦. The θH = 0
◦ and θH = 90
◦ correspond to12
Hext applied parallel and perpendicular to the chiral axis, respectively. The direction of13
the X-band microwave ac magnetic field in the TE011 cavity was parallel to the y-axis;14
in other words, perpendicular to both the metamolecule chiral axis and Hext. Signal15
intensities were normalized using an ESR signal from manganese ions as the standard16
sample between 320 mT and 360 mT.17
Figure 31 highlights two-types of resonance: one shifts slightly to a lower field and18
the other shifts significantly to a higher field as θH is increased. A strong resonance at19
106 mT is seen when θH = 0
◦. As θH is increased, the resonance signal at 106 mT shifts20
very slightly to a lower field and the signal intensity becomes weaker. The resonance21
field shifts to its lowest, about 97 mT, at θH = 75
◦. The resonance moves back to a22
higher field accompanied by an increase in intensity when θH is further increased.23
At θH = 15
◦, additional weak resonance signals are observed at 117 mT and 13424
mT. In contrast to the resonance at 106 mT, these resonances shift significantly to higher25
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Figure 31. Angle-resolved FMR signals of single Py metamolecule in cavity. Inset
illustrates definition of Hext angle (θH). Reprinted figure with permission from [47],
copyright (2016) by the American Physical Society.
fields as θH is increased. At θH = 30
◦, three weak resonance signals are observed at 114,1
136, and 170 mT. These resonances disappear from the dc magnetic field measurement2
range (0 - 650 mT) when θH is between 60
◦ and 90◦. At θH = 120
◦, the weak resonances3
are observed again at 136, 152, 161, and 190 mT. The weak resonances shift to lower4
fields as θH is increased and merge with the resonance of 106 mT at θH = 165
◦. The5
metamolecules show the weak FMR when the magnetic field direction is oblique to the6
chiral axis while a Py plain film does not show the weak resonances (not shown here).7
The weak resonances are caused by the metamolecule shape, whereas the metamolecule8
chirality does not affect the angle-resolved FMR signals.9
In the present preparation processes, we did not use two-step lithography followed10
by lift-off processes [46]. Such improvements enable us to realize the Py MCh11
metamolecule sample without any residual Py films on the substrates. Indeed, when the12
Hext angle (ϕH) is varied in the x-y plane, the FMR signals are identical at any ϕH. A13
resonance is seen at 94 mT and this resonance does not shift while ϕH is increased. No14
additional resonances emerge with an increase in ϕH. These results prove an absence of15
the residual Py films on the substrates.16
6.3. Coplanar-waveguide FMR17
As illustrated in Fig. 32 (a), CPW consisting of a Au signal line with 82 µm in width and18
1 mm in length sandwiched with two Au ground lines were fabricated using standard19
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Figure 32. (a) Schematic and (b) optical microscope image of single Py MCh
metamolecule placed on coplanar waveguide (S: signal line, G: ground line) in CPW-
FMR measurement. Py MCh metamolecule’s chiral axis is parallel to external dc
magnetic field (Hext). The ac magnetic field (Hac) generated by microwaves is
perpendicular to chiral axis and Hext. (c) Microwave transmission spectra of single Py
metamolecule on CPW. Reprinted figure with permission from [47], copyright (2016)
by the American Physical Society.
photolithography together with Au deposition and lift-off processes. The gap between1
the signal and ground lines was 9 µm. A single Py metamolecule was placed at the2
center of the signal line as shown in Figs. 32(a) and 32(b). The µ0Hext up to 1.35 T3
was applied using an electromagnet. The µ0Hext direction was parallel to the z-axis4
(i.e., parallel to the chiral axis). The microwaves propagated in the y direction from5
port 1 to port 2 in the signal line. The ac magnetic field generated by the microwave6
is in the x-axis direction, which is perpendicular to the chiral axis and µ0Hext (the7
z direction), and microwave propagating direction (the y direction). The microwaves8
transmission coefficients from port 1 to port 2 corresponding to the S parameter of9
S21 were measured using a vector network analyzer (VNA; Agilent E8363C) at room10
temperature. Microwave frequency was swept from 1 GHz to 40 GHz.11
Since the single metamolecule FMR signal is quite small, we derive ∆|S21| as12
∆|S21| = |Sraw21 | − |S
bg
21 |, (30)13
where Sraw21 corresponds to S21 under a specific non-zero µ0Hext and S
bg
21 to S21 under14
zero µ0Hext. S
bg
21 was measured just before every measurement of S
raw
21 . Figure 32(c)15
illustrates transmission spectra ∆|S21| at various µ0Hext. When µ0Hext = 100 mT, a16
dip appears at approximately 8.3 GHz. The dip shifts to a higher frequency as µ0Hext17
is increased and finally reaches to 32.7 GHz when µ0Hext = 800 mT.18
As a control, a 60 nm thick Py strip having 9 µm in width and 700 µm in length19
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was prepared on another CPW using a standard photolithography followed by the Py1
deposition and the lift-off process. The longitudinal strip is placed at the signal line2
edge in CPW-FMR measurements because the sensitivity is the highest at the edge. The3
µ0Hext is applied in the direction parallel to the z-axis. Although not shown here, an4
FMR signal appears at much higher µ0Hext above 1.1 T owing to the demagnetization5
field in the Py strip, and shifts with an increase in µ0Hext.6
6.4. g-factor, effective magnetization, and Gilbert damping of metamolecule7
The resonance frequency f0 and full width at the half maximum (FWHM) ∆f of the8
dip in the ∆|S21|2 spectra [Fig. 32(c)] were evaluated by the fitting to the Lorentz9
function. The least square method was employed in the fitting so that errors correspond10
to standard deviation. The single Py metamolecule’s f0 are plotted as a function of11
µ0Hext in Fig. 33(a) (open circles). Since the standard deviations in f0 are quite small,12
error bars cannot be seen in Fig. 33(a).13
The most likely origin of the resonance observed in Fig. 32(c) is the Kittel mode14
FMR corresponding to uniform precession of electron spins in Py films [184]. Hence the15
f0 plot in Fig. 33(a) is fitted using the Kittel formula. When µ0Hext is applied in an16
oblique direction to the film surface with an angle of ΘH, the Kittel formula is written17
as [185]18 (ω0
γ
)2
= (µ0H0 + µ0Meff cos 2ΘH)(µ0H0 − µ0Meff sin2ΘH), (31)19
where ω0 = 2πf0 is the resonance angular frequency, γ = geff(µB/~) is gyromagnetic20
ratio, µ0H0 is the resonance magnetic field, and µ0Meff is the effective saturation21
magnetization including magnetic anisotropies [186], for example, the surface and22
interface magnetic anisotropy. The geff represents the effective g-factor. The µB and ~23
correspond to the Bohr magneton and the Planck constant divided by 2π, respectively.24
In Eq. (31), ΘH = 0
◦ and 180◦ are assigned to µ0Hext parallel to the film plane whereas25
ΘH = 90
◦ is assigned to that perpendicular to the film plane. Because µ0Hext is applied26
perpendicular to the CPW (i.e., parallel to the chiral axis of the metamolecule on27
the CPW), the present CPW-FMR measurement for the metamolecule corresponds to28
ΘH = 0
◦. Therefore, after substituting ΘH = 0
◦ into Eq. (31), we use the Kittel formula29
written as30 (ω0
γ
)2
= µ20H0(H0 +Meff), (32)31
in the fitting.32
The red solid line in Fig. 33(a) corresponds to the fitting curve by Eq. (32). The33
fitting procedure gives geff of 2.1590±0.0082 and µ0Meff of 681.77±9.01 mT. The errors34
represent standard deviation in the fitting. The µ0Meff of 681.77 ± 9.01 mT evaluated35
from the CPW-FMR is smaller than the saturation magnetization of 850 mT evaluated36
from the magnetization curve. Because µ0Meff obtained by the CPW-FMR is more37
appropriate for discussing dynamical magnetic properties, 681.77 ± 9.01 mT of µ0Meff38
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Figure 33. (a) FMR frequencies of Py metamolecule (open circles) and Py strip
(open triangles in inset) measured using VNA are plotted as a function of µ0Hext.
Red solid line corresponds to fitting curve by Kittel formula. (b) Full width at half
maximum of FMR signals of Py metamolecule and strip (inset) is plotted as a function
of resonance frequency. Red solid line corresponds to linear fitting line. Reprinted
figure with permission from [47], copyright (2016) by the American Physical Society.
is utilized in the following. The fitting curve in Fig. 33(a) highlights that microwave1
frequency of 9.8 GHz used in the cavity-FMR gives the resonance field of 120 mT. The2
resonance magnetic field of 120 mT is very similar to 106 mT observed in the cavity-3
FMR at θH = 0 as shown in Fig. 31. This result proves that the Kittel mode is observed4
in both the CPW-FMR and cavity-FMR.5
The inset in Fig. 33(a) shows f0 plotted as a function of µ0Hext for the control6
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Table 2. Parameters evaluated from fitting in Figs. 33(a) and 33(b) using Eqs.
(32) and (33). Reproduced table with permission from [47], copyright (2016) by the
American Physical Society.
Py metamolecule Py strip
geff 2.1590 ± 0.0082 2.2800
µ0Meff 681.77 ± 9.01 910.45
αeff 0.0120 ± 0.0014 0.0024 ± 0.0007
∆f ext 0.3316 ± 0.0589 0.2192 ± 0.0155
Py strip fabricated on the CPW. The f0 and ∆f were obtained by fitting the dip in1
the ∆|S21|2 spectra to the Lorentz function. Since µ0Hext is applied in the direction2
perpendicular to the CPW, ΘH = 90
◦ is substituted into Eq. (31) and the Kittel3
formula is obtained to be4 (ω0
γ
)2
= µ20(H0 −Meff)2. (33)5
The red solid line represents the fitting curve. After the fitting, geff and µ0Meff6
were evaluated to be 2.2800 and 910.45 mT, respectively. The CPW-FMR results7
demonstrate that geff and µ0Meff decrease for the metamolecule.8
Figure 33(b) illustrates a plot of ∆f versus f0 for the Py metamolecule. The inset9
is the corresponding plot for the Py strip as a control. The error bars in Fig. 33(b)10
represent standard deviations of experimentally evaluated ∆f by the fitting using the11
Lorentz function. The effective Gilbert damping factor αeff is obtained by12
∆f = 2αefff0 +∆f
ext, (34)13
where ∆f ext is the extrinsic increase in FWHM caused by defects and anisotropy14
dispersion in the Py films [187, 188]. The red line represents the fitting curve using15
Eq. (34). The fitting brings about αeff of 0.0120± 0.0014 for the Py metamolecule and16
of 0.0024 ± 0.0007 for the Py strip. The ∆f ext of the Py metamolecule and strip are17
0.3316 ± 0.0589 and 0.2192 ± 0.0155, respectively. The αeff and ∆f ext increase for the18
metamolecule.19
Parameters evaluated from the CPW-FMR measurements are summarized in Table20
2. Table 2 highlights that the Py metamolecule has smaller geff and µ0Meff and larger21
αeff and ∆f
ext than those of the Py strip. The smaller µ0Meff indicates surface and22
interface anisotropies due to unsaturated spins in the Py films on the SU8 film for the23
Py metamolecule. These unsaturated spins at the Py surface may reduce geff [189].24
Additionally, the difference in geff might be due to the limited frequency and field range25
in the CPW-FMR measurements.26
Another possible origin for a decrease in geff is inhomogeneity in ac magnetic fields27
perpendicular (Hzac) and parallel (H
x
ac) to the signal line generated by the microwaves.28
However, this possibility is unlikely because Hzac, which is parallel to the dc magnetic29
field, does not contribute to FMR. Moreover, the inhomogeneity in Hxac does not give30
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any changes on f0 owing to sufficiently small H
x
ac (less than 0.05 mT) in the linear1
approximation of the Landau-Lifshitz-Gilbert equation. While the inhomogeneous ac2
field does not influence geff , it may cause an increase in the FWHM ∆f in the FMR3
spectra, for example, by two-magnon scattering due to magnetization inhomogeneities4
[187, 188]. Furthermore, anisotropy dispersions, that is to say, magnetostriction5
anisotropy [190, 191] and magnetic surface/interface anisotropy [189], induced by the6
coiling as well as the strain, mechanical cracks, and defects in the films give rise to7
magnetization inhomogeneities, leading to an increase in ∆f ext.8
6.5. Magnetization configuration in metamolecule9
If the magnetic moment is oriented in-plane and orthogonal to the strip axis, the10
coiling process brings about a hollow-bar-magnetized structure [175]. Otherwise, if11
the magnetic moment is oriented in-plane but parallel to the strip axis, a corkscrew-12
magnetized helix coil structure is expected. The magnetization configuration in the13
metamolecule is essential information for obtaining MCh effects by the miniaturized14
metamolecules. Therefore, in the following, angle-resolved cavity-FMR with varying θH15
reveals the magnetization configuration in the metamolecule.16
The cavity-FMR signals experimentally obtained in Fig. 31 are re-drawn in 2D in17
Fig. 34. White and blue colors correspond to high and low intensities in the derivative18
FMR signals, respectively. If θH = 0
◦ and 180◦, the magnetic field is applied uniformly19
to all portions in the Py MCh metamolecule as illustrated in the lower inset of Fig. 34.20
The magnetization curves indicate that the Py metamolecule magnetization is easily21
saturated in this configuration. In this way, the Py metamolecule becomes a magnetic22
single domain structure, causing a single resonance of the Kittel mode at around 10623
mT excited at θH = 0
◦ and 180◦.24
If magnetic field direction is oblique to the chiral axis (0◦ < θH < 180
◦), the 2D25
plotted experimental results show two types resonances: one is shifted slightly to a lower26
field but excited around 100 mT at any angles, and the other is shifted significantly to27
a higher field as the angle θH is increased. Because the Py metamolecule is the 3D28
structure, how the magnetic field is applied to the Py film is different in each portion of29
the metamolecule. When θH is 15
◦, the metamolecule’s two aspects, which are parallel30
to the x-z plane, are parallel to the magnetic field (see inset in Fig. 34). In these31
two aspects, the magnetization direction follows the magnetic field direction and the32
magnetization is easily saturated. The Kittel mode resonance is thus observed around33
100 mT at any angles. Contrastingly, magnetization in another portions, which are34
parallel to the y-z plane, is not parallel to the magnetic field (see inset in Fig. 34).35
Kittel mode FMR in these portions is an origin of the resonance significantly shifted to36
a higher field with an increase in θH.37
The Kittel mode resonance fields in a thin film calculated using Eq. (31) are plotted38
as a function of ΘH in Fig. 34 (open circles). In the calculation, we used geff of 2.1639
and µ0Meff of 681 mT evaluated from the Py metamolecule CPW-FMR results. At40
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Figure 34. The two-dimensional plot shows the FMR signal intensity of a single Py
metamolecule obtained in Fig. 31 as a function of angle (θH and ΘH) and external dc
magnetic field (µ0Hext). Angle θH (ΘH) is defined in lower (upper) inset. Open circles
and crosses correspond to resonance fields calculated by Kittel formula with plane Py
thin film model. Reprinted figure with permission from [47], copyright (2016) by the
American Physical Society.
ΘH = 0
◦ the calculated resonance field is 121 mT. As ΘH increases, the resonance shifts1
to a higher field owing to an increase in the demagnetization field. After reaching the2
maximum field of approximately 994 mT at ΘH = 90
◦, the resonance shifts to a lower3
field. Crosses correspond to the calculated resonance fields of the Kittel mode in a thin4
film, but geff and µ0Meff are the values experimentally evaluated from the Py strip CPW-5
FMR. At ΘH = 0
◦ the calculated resonance field is 88 mT, which is smaller than the6
experimental value (106 mT) and previously calculated value (121 mT). At ΘH = 90
◦
7
the calculated resonance field is 1203 mT, which is higher than the calculated field using8
metamolecules’ geff and µ0Meff . The resonance fields shifting to a higher field with an9
increase in θH in the experiment have been reproduced qualitatively by the calculation10
of the Kittel-mode FMR for a plane film with a magnetic moment oriented in-plane.11
Therefore the magnetization configuration in the metamolecule at θH = 0
◦ and 180◦ is12
most likely to be the hollow-bar type [175]. This is very promising for obtaining optical13
MCh effects at millimeter wave and THz frequencies.14
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Whereas the resonance field shift is reproduced qualitatively by the calculation,1
the shift amount in experiments is much smaller than those calculated using Eq. (31).2
The difference between calculation and experiment is likely to be due to the calculation3
model. In the calculation, we assume a Py thin film with geff and µ0Meff evaluated4
from the CPW-FMR measurements. However, the Py metamolecule consists of the Py5
facets, which are parallel to the x-z plane or y-z plane, and the facets are connected to6
each other. The connecting curved regions between the facets are likely to be an origin7
of the contradiction.8
The inhomogeneous magnetization in the connecting curved regions is indicated9
by the sifting Kittel mode resonance signal in the angle-resolved cavity-FMR. Figure10
34 demonstrates that the shifting resonance by a oblique magnetic field direction is11
accompanied by additional weak resonances at higher fields. In the aspects parallel12
to the y-z plane connected to curved regions, the magnetization is not saturated. It13
was reported that unsaturated regions in ring [192] and tubular [193] structures of14
magnetic thin film exhibit the inhomogeneous magnetization configuration named a15
onion-like state. The onion-like state shows multiple resonance signals due to the16
localized resonance modes. Therefore multiple resonance signals accompanied with17
the Kittel mode FMR observed in the metamolecule are traced back to the localized18
resonance modes due to the inhomogeneous magnetization configuration, which is also19
indicated in the CPW-FMR results.20
As θH approaches 90
◦, the resonance almost independent of θH shifts very slightly to21
a lower field. The tiny shift of the resonance can be explained by the shape anisotropy22
of the Py strip in the metamolecules. The Py strip is magnetized in the direction of23
the strip width of 9 µm when θH = 0
◦. On the other hand, when θH = 90
◦, the Py film24
is easily magnetized in the direction of the strip length that is much larger than the25
width. This leads to a very small shift of the Kittel mode resonance at 106 mT to a26
lower field of 97 mT. Such a small shift can be revealed in the present study since the27
residual Py films are absent on the substrate and the resonance signal is attributed only28
to the single Py metamolecule.29
7. Conclusions and perspective30
This Topical Review has presented an overview on electromagnetism in structured31
metamaterials with magnetism and chirality. Specifically, the review has focused on32
the optical MCh effect, i.e., directional birefringence independent of polarizations. The33
optical MCh effect is a combination of the MO effect and OA, and usually very tiny, but34
can be enhanced by the resonance in the metamaterials by several orders of magnitude35
greater than that of natural materials. A metamolecule was implemented using a Cu36
chiral structure (chiral meta-atom) for OA and YIG ferrite rod/cylinder (magnetic meta-37
atom) for the MO effect, and studied at the X-band microwave frequency at room38
temperature. Enhanced MCh effects were observed at a chiral resonance frequency39
around 10 GHz to be ∆n′ ≃ 5.4× 10−3 and ∆n′′ ≃ 1.5× 10−2 under + 200 mT and at40
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an FMR frequency to be ∆n′ ≃ −8.9× 10−2 and ∆n′′ ≃ −2.6× 10−1 under + 400 mT.1
Numerical calculations have successfully reproduced these experimental observa-2
tions and revealed that the enhanced MCh effects are traced back to the hybridization3
of FMR and chiral resonances. Furthermore, a giant MCh effect with ∆n′ ≃ −6.6×10−14
and ∆n′′ ≃ 1.26 was predicted by numerical simulation. We indicated a fine-tuning of5
the giant MCh effect by the rotation angle of the chiral meta-atom, and position and6
length of the magnetic meta-atom. Notably, our concept of interplay between mag-7
netism and chirality in metamaterials is applicable to other regions of the spectrum8
including the visible region.9
For a higher frequency operation than microwave, MCh metamolecule miniatur-10
ization was conducted using a strain-driven self-coiling technique. A micrometer-sized11
free-standing Py chiral metamolecule was studied by cavity- and CPW-FMR, bringing12
about an effective g factor of 2.1590 and Gilbert damping of 0.0120. Finally, we conclude13
that the magnetization configuration in the Py chiral metamolecule is most likely to be14
the hollow-bar type. This is very promising for obtaining optical MCh effects using the15
metamolecule at millimeter wave and THz frequencies and a direct observation of the16
MCh effect at a high frequency is now underway in our group. However, many challenges17
remain within the optical region. To reach the optical region, the MCh metamolecule18
must be miniaturized to the nanometer-scale, and losses need to be reduced signifi-19
cantly. The former issue can be addressed by using supramolecules or biomolecules; for20
example, viruses [194], proteins [195], and α-helical coiled peptide [196].21
In this work, we have demonstrated that a metamolecule boosted MCh effects22
by several orders of magnitude compared to natural molecules. The enhanced and23
giant MCh effects thus open a door toward the realization of synthetic gauge fields24
[22, 23, 24, 25, 26, 27, 28, 29]; for example, an effective magnetic field for electromagnetic25
waves. However, the values of non-reciprocal refractive index differences owing to the26
MCh effects by the single metamolecule were not yet large. While numerical simulation27
predicted the giant MCh effect, it was relevant to a characteristic electromagnetic mode28
in the waveguide. Hence, implementation of the giant MCh effect without waveguide29
is of great importance. Additionally, larger responses would be obtained by assembling30
metamolecules into metamaterials. The “Lorentz force” by synthetic gauge fields for31
light is expected to be observed in non-uniform metamaterials consisting of the MCh32
metamolecules.33
MCh metamolecules embodied in the present study offer an ideal starting point for34
the proof-of-concept study relevant to MCh effects. For example, an inverse effect35
of the MCh effect is still under debate. When electromagnetic waves of arbitrary36
polarization travel in a medium of randomly oriented chiral molecule, it is predicted37
to induce a constant magnetization parallel or antiparallel to the propagation direction.38
This phenomenon is the inverse effect of the MCh effect, and thus referred to as the39
inverse MCh effect by Wagnière [197]. The inverse MCh effect is one of the second-40
order nonlinear optical effects, which include also a similar effect in achiral media,41
named inverse Faraday effect [198]. In the inverse Faraday effect the circularly-polarized42
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light induces a static magnetic moment parallel or antiparallel to the propagation1
direction; induced magnetization direction depends on the circularly polarization2
direction. Contrastingly to the inverse Faraday effect dependent on the polarization,3
the inverse MCh effect is independent of the light polarization, but it has opposite sign4
for enantiomers. While the inverse Faraday effect has been experimentally verified [199],5
the inverse MCh effect remains to be observed [200] probably owing to the very weak6
induced magnetization. Therefore, direct observation of the inverse MCh effects using7
metamaterials is of great interest.8
Whereas an optical MCh metamaterial is investigated in this Topical Review, MCh9
metamaterials for another wave phenomena, for example, magnonic, phononic, and10
acoustic waves, are also of great interest. When we succeed in preparing nanometer-11
scaled MCh metamolecules, it may grant access to chiral domains predicted in magnetic12
nanotube structures [201] and Berry phase of magnons in textured ferromagnets [202].13
Furthermore, another symmetry, for example, translational symmetry, can be broken14
in quasi-periodic metamaterials [203, 204, 205]. From this point of view, metamaterials15
with broken time-reversal and translational symmetries simultaneously, very similar to16
quasi-periodic magnonic crystals [206, 207, 208, 209, 210, 211], remain attractive to17
researchers in the field of magnetic metamaterials.18
Simultaneous breaking of time-reversal and space-inversion symmetries has19
generated considerable interest not only in wave phenomena but also in diffusion20
phenomena, for example, thermal transport and electrical transport. Because the21
MCh effect is the direct consequence of the simultaneous breaking, the MCh effects22
are fundamental and universal. In this way, the symmetry arguments used for23
electromagnetism may also be applied to the electrical charge transport. Electric24
counterpart of the optical MCh effect is referred to as the electrical MCh effect, which25
was first studied theoretically and experimentally by Rikken and co-workers [212]. On26
the basis of symmetry arguments [213, 214, 215], the electrical MCh effect by a chiral27
conductor subject to a dc magnetic field manifests itself in nonlinear resistivity.28
The two-terminal electrical MCh effect of Bi helices, prepared by injecting molten Bi29
into helical molds followed by annealing, was experimentally observed using standard30
phase-sensitive detection technique [212]. Furthermore, straight Bi wires containing31
screw dislocations were prepared by a torsional deformation. Electrical MCh effects32
at low temperature in single-walled carbon nanotubes [216] and in a bulk chiral33
organic conductor based on an enantiopure tetrathiafulvalene derivative [217] were also34
reported. The microscopic mechanisms for the electrical MCh effects is still unclear35
although several mechanisms were proposed: namely, the magnetic self-field effect,36
chiral scattering [212], and enantioselective current- and field-dependent differences in37
Fermi velocity and density of states at the Fermi level [218]. Very recently, it has been38
reported that thermal and quantum spin fluctuations in the chiral magnet MnSi give39
rise to asymmetric electron scattering, leading to a large electrical MCh effect at low40
temperature [219]. Metamaterials may yield an enhanced electrical MCh effect, which41
can be observed at room temperature.42
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OA in optical systems is analogous to spin-orbit interaction in electronics, whereas1
the MO effect is to Zeeman splitting for electrons [29]. Even metamaterials solely with2
OA or the MO effect can be expected to contain rich physics. For example, unidirectional3
backscattering-immune propagation of surface waves, referred to as electromagnetic edge4
modes, was observed at the boundary between two different photonic crystals: one5
comprising a photonic crystal with broken time-reversal symmetry using a ferromagnetic6
medium, and the other with time-reversal symmetry [220]. Even in a time-reversal7
invariant system, photonic crystals with broken space-inversion symmetry with chirality8
show a similar phenomenon [26]. However, little is known about the edge modes at the9
operation frequencies far below the photonic bandgap [221]. This new avenue of analogy10
between lights and electrons opens a door toward a new science; namely, meta material-11
science.12
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S.-K. Kim, and O. G. Schmidt. Magnetic microstructure of rolled-up single-layer ferromagnetic34
nanomembranes. Advanced Materials, 26(2):316–323, 2014.35
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